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SUMMARY
T h is  the s is  sets down the re s u lts  and fin d ing s  o f a la b o ra to ry  and th e o re tic a l 
in v e s tig a tio n  of re in fo rc e d  e a rth  w ith  p a r t ic u la r  re fe re n ce  to  re in fo rc e d  c la y . 
As a p re lude  to  the main body o f the w o rk  a b r ie f  h is to r ic a l re v ie w  is  p resen ted  
in  tandem w ith  a s ta te -o f- th e -a r t  re p o r t .  T h is  is  fo llow ed  by fo u r  d is c re te  
s tu d ie s . The f i r s t  in vo v les -a  la b o ra to ry  in v e s tig a tio n  of both d ra ine d  and 
undra ined  s o il- re in fo rc e m e n t bond us ing  both the conven tiona l shea r box and 
a purpose b u ilt  p u ll-o u t a p p a ra tu s . I t  was concluded tha t mesh re in fo rce m e n t 
was the most e ff ic ie n t o f those re in fo rce m e n ts  te s te d . The second study 
attem pts to  define  the mechanism o f s o il re in fo rcem e n t under both d ra ine d  and 
undra ined  a x isym m e tric  lo a d in g . Enhanced s treng th  under d ra ine d  load ing  is  
a ttr ib u te d  to  the in d u c tio n , by the re in fo rc e m e n t, o f an in c re a s e d  e ffe c tiv e  
co n fin in g  p re s s u re . U nder ra p id  undra ined  lo a d in g , h ow eve r, an analogous 
in c re a se  in  to ta l co n fin in g  p re s s u re  is  found to  be associa ted  w ith  a decrease  in  
s tre n g th . The penu ltim ate  in v e s tig a tio n  makes use of sm all sca le  model w a lls  
b rough t to  fa i lu re  by the a p p lica tio n  o f s u rc h a rg e . Two a n a ly t ic a l methods a re  
p re sen ted , the so c a lle d  "d is c re te  th e o ry "  and the "com posite  th e o ry "  w h ich  
in vo lve s  the use o f an equ iva len t und ra ined  s tre n g th . Both th e o rie s  and the 
te s t re s u lts  show good agreem ent. F in a lly  an a n a ly tic a l study is  made o f the 
e ffec ts  o f com paction induced  la te ra l*e a r th  p re ssu re s  on both co nve n tion a l and 
re in fo rc e d  e a rth  re ta in in g  s tru c tu re s .  The v e ra c ity  oFthe re s u lt in g  th e o ry  is  
p roven  by com parison  w ith  data from  tw e lve  pub lished  case h is to r ie s .  As a 
c lo s u re  the main fin d in g s  o f these d is c re te  s tud ies a re  re ite ra te d  in  the 
co n c lu s io n s .
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CHAPTER 1
A B R IE F  H IS T O R IC A L  R EVIEW
1.0 IN T R O D U C T IO N
In  th is  C hapte r e ffo r t  is  made to  docum ent, in  c h ro n o lo g ic a l o rd e r ,  man’ s 
attem pts at combining s o il w ith  va rio u s  in c lu s io n s  to  produce a b u ild in g  m a te r ia l 
s u p e r io r  in  perfo rm ance to  s o il a lone . F o r  b re v ity  th is  com posite  b u ild in g  
m a te r ia l is  re fe r re d  to  as re in fo rc e d  e a r th . I t  is  to  be c le a r ly  understood  
tha t th is  te rm  does not r e fe r  to  the system m arke ted  under the re g is te re d  ..trade 
name "R e in fo rc e d  E a r th "  n o r does use of th is  te rm  n e c e s s a rily  im p ly  the 
ex is tence  of a s im ila r  a r t p r io r  to  1963* S ince th is  date m ight .be re g a rd e d  as a 
w atershed in  the development o f re in fo rc e d  e a rth  th is  re v ie w  is  d iv id e d  in to  two 
co rre sp on d ing  se c tion s .
2 .0  DEVELO PM ENTS P R IO R  TO 1963
The concept of re in fo rc e d  e a rth  is  fa r  from  new . As long ago as the  f i f th  
m illenn ium  B .C .  compacted c la y  re in fo rc e d  w ith  reed  was used in  the 
co n s tru c tio n  of c rude  mud huts in  S iy a lk  on the I ra n ia n  P la te a u , G h irsh m a n , (1954). 
By the fo u rth  m illenn ium  B .C .  th is  method of c o n s tru c tio n  was superseded by the 
sim ple adobe b r ic k  w hich was in  tu rn  re p lace d  by s tra w  re in fo rc e d  b r ic k .  I t  is  
in te re s t in g  to  note the re s u lts  o f w o rk  by Razani and B ehpour (1970), who 
dem onstra ted tha t a lthough the a dd ition  o f s tra w  in c re a se s  the te n s ile  s tre n g th  o f 
b r ic k  i t  a lso  has a d ra s tic  e ffec t on the com press ive  s tre n g th , 2\%  by w e igh t o f 
s tra w  ha lv ing  the com press ive  s tre n g th .
F u r th e r  west in  the p re -S u m e ria n  se ttlem ents o f southern  M esopotam ia e x tens ive  
use was made of reeds and c la y  in  the c o n s tru c tio n  of "m u d h ifs " w h ich  w ere  sim iple 
dome shaped d w e llings  form ed o f bundles of reeds tie d  at th e ir  heads and p la s te re d  
w ith  mud, C opplestone, (1963). E x tre m e ly  large e a rth  and b r ic k  s tru c tu re s  w ere  
cons truc ted  ••durirg lhe  Sum erian dynas tic  p e r io d  w h ich  dates b ack to  the th ird  
m illenn ium  B .C .  The most famous o f these a re  the z ig g u ra t at U r ,  w h ich  was 
complete c ir c a .  2025 B .C .  and the S anc tua ry  o f M arduk at B ab y lo n , m ore com m only . 
known as.the ’ T o w e r o f B a b e l, F igu re . 1, which-w as com pleted c irc a  5 5 0 B .C . .
1
C opplestone (1963). A s im ila r  s tru c tu re ,  the Z ig g u ra t A q a r Q u f s t i l l  tow e rs  
a rem arkab le  54m, Hanna (1977). C o n s truc te d  in  the p e r io d  1595-1171 B .C .  
th is  s tru c tu re  o r ig in a l ly  stood some 70m high on a base a pp ro x im a te ly  68m squa re , 
Salm an, (1972).- In s p e c tio n  o f the z ig g u ra t showed the body o f the s tru c tu re  
to  be composed o f u n fire d  c la y  b r ic k s  app ro x im a te ly  400mm cube . The 
m a te r ia l o f the b r ic k s  is  a lean c la y  w ith  liq u id  and p la s tic  l im its  o f 38% and 
25% re s p e c itv e ly . The c la y  had been m ixed w ith  s tra w  o r  d ry  re e d . A tes t 
c a r r ie d  out on a sm all sample o f th is  m a te r ia l showed the e x is tence  o f 0.6%  by 
w e ight of o rg an ic  m a te r ia l.  I t  is  rem arkab le  tha t th is  f ig u re  is  w ith in  the 
p ra c tic a l l im it  deduced by Razani and B ehpour some th re e  m ille n n ia  la te r .  The 
c la y  b locks w ere  o b v io u s ly  p laced at a m o is tu re  content about the  p la s tic  l im it  
s ince ancien t hand and foot p r in ts  a re  s t i l l  c le a r ly  v is ib le .  The c la y  b locks  a re  
re in fo rc e d  with mats woven from "gassab" o r  r iv e r  re e d . These mats a re  p laced  
la rg e ly  h o r iz o n ta lly  at v e r t ic a l spacings v a ry in g  between a pp ro x im a te ly  500mm 
and 2m. I t  appears tha t the s tru c tu re  was c la d  w ith  f ire d  b r ic k  la id  in  co u rses  
and jo in te d  w ith  a n a tu ra l b itum en o r  aspha lt m o r ta r .  S e ve ra l la rg e  sections 
o f such c ladd ing  a re  s t i l l  in  e x is ten ce .
In  the Tar Bast use was made o f compacted c la y  and g ra v e l, o r  p ise  , re in fo rc e d  
w ith  ta m a risk  b ranches , (D .O .E .  ,1977) to  c o n s tru c t the G rea t W all o f C h in a , w h ich  
was com pleted c ir c  . 210 B .C .  P ise ' was a lso  w id e ly  used fo r  m ore mundane 
fo r t if ic a t io n s  and tim b e r d w e llin g  houses w h ich  w e re  generally c o n s tru c te d  on a 
foundation  of compacted re in fo rc e d  s o i l ,  C opplestone (1963). D u rin g  the e ra  o f th e  
Roman E m p ire  vast levees of reed  re in fo rc e d  e a rth  f i l l  w ere  c o n s tru c te d  a long 
the T ib e r  and at the mouth o f the P o , Thomas and Watt (1913). In  the same p e r io d  
the Gauls used re in fo rc e d  e a rth  in  the fo rm  of a lte rn a te  la y e rs  o f logs  and e a rth  
f i l l  fo r  the co n s tru c tio n  o f fo r t i f ic a t io n s ,  Duncan, (1855).
By fa r  the w idest use o f re in fo rc e d  e a rth  was made in  the c o n s tru c tio n  o f r iv e r  
tra in in g  and dyke w o rk s . T h is  a p p lica tio n  can be tra ce d  b a c k  to  the th ir d  
m illenn ium  B .C .  when extens ive  dyke system s w ere  co n s tru c te d  us ing  reeds  and 
c la y  f i l l  a long the banks o f the T ig r is  and E u p h ra te s . S im ila r  methods w e re  used 
by the Ita lia n s  between the th ir te e n th  and seventeenth c e n tu r ie s  when they 
co ns tru c te d  levees along many of th e ir  m a jo r r iv e r s .  Thomas and W att, (1913)
The acme of th is  type of c o n s tru c tio n  was la te  in  the n ine teen th  c e n tu ry  when 
the random ly p laced reed  o r  b ranch  re in fo rce m e n t was re p la ce d  by w e ll o rd e re d
bundles of w il lo w , a ld e r o r  b rushw ood known as " fa g g o ts "  o r " fa s c in e s " . A 
g ra ph ic  account o f the c o n s tru c tio n  method is  g iven by W heeler ,(1893)
"T h e .u su a l way o f execu ting  th is  w o rk  is  to  commence excava ting  as fa r  below  
the low  w a te r o f s p rin g  tides  as p ra c tic a b le , a s lig h t dam of e a rth  being le f t  
between the excava tion  and the w a te r . F rom  th re e  to  fo u r  fasc ines  a re  then 
la id  in ,  ove rlap p in g  each o th e r, and w ith  th e ir  butt ends at r ig h t  angles to  
the channe l, the o u te r la y e r  having the b rush  end tow ards  the w a te r . On 
th is  a la y e r  o f the excavated s o il is  p laced  and then ano the r ro w  of fa s c in e s , 
the p rocess being continued  u n t il the top co u rse  is  b rought up to  the le v e l 
o f o rd in a ry  high w a te r , the depth o f the co u rse  o f fasc ines  g ra d u a lly  being 
d im inshed t i l l  the la s t fin is h e s  up w ith  a s in g le  fa s c in e . The b rush  is  then 
trim m ed o ff to  a neat face . P ro v id e d  tha t p le n ty  o f c la y  o r  s im ila r  m a te r ia l is  
used th is  w o rk  is  o f a perm anent c h a ra c te r ,  any in te rs t ic e s  of the fasc ines  
becoming f i l le d  w ith  s i l t " .
N otable app lica tio ns  o f the faggoting  techn ique w ere  in  the c o n s tru c tio n  o f the 
la rg e  dykes in  H o lla n d , S tro m b u s ijs in g , (1854), re c la m a tion  and d ra in ing  w o rks  
in  the F ens, W heeler (1875) and the c o n s tru c tio n  o f the M is s is s ip p i levees in  the 
n ineteenth  c e n tu ry , Haas and W e lle r (1952). Faggo ting  was s t i l l  w id e ly  used 
u n t il recen t y e a rs , D oran (1948) and a p a r t ic u la r ly  in te re s t in g  a p p lic a tio n  o f 
faggoting  to  the s ta b il iz a t io n  o f s lip s  is  g iven in  the c u rre n t code o f p ra c tic e ,
( C .P .N o .2 1951), F ig u re  2 .
In  modern tim es no s im ila r  acme in  the use o f re in fo rc e d  e a rth  fo r  s tru c tu re s  
o th e r than r iv e r  tra in in g  w o rks  has been m an ifes ted . An e a r ly  c o n tr ib u to r  
to  the use of re in fo rc e d  e a rth  as a gene ra l b u ild in g  medium was L t.C o l.P a s le y  
o f the R oyal E ng ineers  who dem onstra ted , P as ley  (1822), tha t a s ig n if ic a n t 
re d u c tio n  cou ld  be made in  the p re s s u re  e xe rte d  behind re ta in in g  w a lls  when the 
f i l l  was re in fo rc e d  by h o r iz o n ta l la y e rs  o f b rushw ood , wooden p lanks o r  ca nvas . 
A t the tu rn  o f the n ineteenth  ce n tu ry  f a i r l y  w ide use was made o f re in fo rc e d  e a rth  
in  S w itze rla n d  fo r  the c o n s tru c tio n  o f roads in  steep side long ground and a n ti­
avalanche b a r r ie r s ,  such s tru c tu re s  tak ing  the fo rm  o f steep sided g ra n u la r  f i l l  
embankments re in fo rc e d  w ith  h o r iz o n ta l and s u b -h o r iz o n ta l la y e rs  o f lo g s , 
S te in fe ld , (1976). A lm ost id e n tic a l techn iques w ere  used by the C a lifo rn ia  
D iv is io n  of H ighways in th e  m id-ninetean th ir t ie s  when they used redw ood logs up 
to  6m long as h o r iz o n ta l re in fo rcem e n t in  h ighway embankments, A m e sbu ry , (1935)
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The same a u th o r ity  la te r  used h o r iz o n ta l la y e rs  o f 2m w ide w ire  fence mesh at 3m 
to  4m spacings in  t te o u te r  edges o f embankments to  s ta b iliz e  s lopes and reduce  
e ro s io n  (A non, 1949).
The f i r s t  re in fo rc e d  e a rth  system to  a c tu a lly  be patented was tha t due to  F re d e r ic k  
H . Reed who f i le d  U n ited  S tates P atent N o. 776 ,799 on 6th D ecem ber 1904*.
The system  was fo r  re in fo rc in g  the downstream  slope of a com posite  e a rth  and 
ro c k  f i l l  dam, the r o c k f i l l  in  the dow nstream  slope being re in fo rc e d  w ith  
h o r iz o n ta l m etal b a rs ; in  the patent these ba rs  a re  in d ica te d  as d isused  ra ilw a y  lin e s  . 
The " fa c in g  u n its "  co ns is te d  o f ra ilw a y  lin e s  la id  on the dow nstream  slope in  
the fo rm  of a diamond shaped g r id  w ith  the h o r iz o n ta l re in fo rc in g  r a i ls  
connected to  the in te rs e c tio n  po in ts  o f the fac ing  g r id .  S u rp r is in g ly  th is  concept 
was app lied  to  se ve ra l dams in  M exico co n s tru c te d  some th i r t y  y e a rs  a f te r  Reed’ s 
patent p u b lic a tio n , Weiss (1951) and has since been used on dams in  South A f r ic a ,  
P e lls ,  (1969) A u s tra lia ,  P a rk in s  et a l (1969, Anon 1967) and New G uinea , F ra s te r  
(1962), (Anon 1970). I t  was not u n t il 1925 tha t A ndreas M unste r f i le d  a patent 
in  the U n ited  S tates fo r  a re in fo rc e d  e a rth  w a ll.  The w a ll,  as shown in  the patent 
s p e c ific a tio n , F ig u re  3 , cons is ted  of a l ig h t  fac ing  un it to w h ich  was a ttached 
re in fo rce m e n t w hich in  p lan looks v e ry  much lik e  a la d d e r; the " ru n g s "  o f the la d d e r 
being in tended to  generate h igh f r ic t io n a l fo rc e s  between the f i l l  and the 
re in fo rc e m e n t. The re in fo rce m e n t was a ttached to  the back o f the w a ll by means 
o f a c ro ssp ie ce  at the end o f each re in fo rc in g  la d d e r w h ich  s lo tte d  in to  v e r t ic a l 
guide r a i ls  cast in to  the back o f the w a ll.  T h is  method o f a tta ch ing  the 
re in fo rce m e n t would a llo w  v e r t ic a l movement o f the re in fo rc in g  re la t iv e  to  the b a c k  
of the w a ll.
Tw o ye a rs  la te r  a fte r  the f i l in g  o f M u n s te r's  patent Coyne p ub lished  a pap e r in  
the Genie C iv i l  d e s c r ib in g  expe rim en ta l w o rk  that he had conducted and d e ta ils  o f 
a quay w a ll co ns tru c te d  at B re s t us ing  a re in fo rc e d  e a rth  te ch n iq u e . The w a ll 
w h ich  was some 2.5m  high and 0 .5m  th ic k  is  shown in  F ig u re  4 . The w a ll was. 
co ns tra in e d  using tw o h o r iz o n ta l la y e rs  o f re in fo rce m e n t in  the fo rm  o f re in fo rc e d  
concre te  s tra ps  each 1.5m lo n g . A y e a r la te r  in  1928 Coyne f i le d  a pa ten t fo r  what
The patent date g iven in  the re fe r le nce lis t re fe rs  in  a ll cases to  the p u b lic a tio n  
of the com plete patent s p e c ific a tio n . The date o f such p u b lica tio n s  o b v io u s ly  
post dates; the f i l in g  date '
he d e sc ribe d  as a "m u r a e c h e lle "  o r  " la d d e r w a ll"  w h ich  was s im ila r  to  the 
techn ique used at B re s t save fo r  the em bellishm ent o f s p h e ric a l en largem ents 
at the ends o f the re in fo rc e m e n t. Some seventeen yea rs  a fte r  f i l in g  the patent 
Coyne pub lished  a second and f in a l paper in  w h ich  he c la r i f ie d  the mechanism 
o f the la d d e r w a ll and gave d e ta ils  of the s tru c tu re s  b u ilt ,  us ing  the system , 
between 1928 and 1945. As la te  as 1961 Robinson pub lished  w o rk  w h ich  re fin e d  
C oyne 's o r ig in a l e m p ir ic a l approach to  the de te rm ina tio n  o f e a rth  p re s s u re s .
T h is  ra p id  success ion  o fpa ten ts was m ain ta ined when in  1932 A lfo n s  S c h ro e te r 
f i le d  a B r i t is h  patent fo r  a fu r th e r  v e rs io n  o f re in fo rc e d  e a rth  w h ich  cons is te d  
o f a th in  m ono lith ic  w a ll o r  fac ing  un it to  w h ich  was a ttached a s e r ie s  o f 
h o r iz o n ta l re in fo rc in g  p la te s , F ig u re  5 . The p la tes  w ere  h inged at th e ir  
connections to  the back o f the w a ll to  a llo w  ro ta t io n  of the p la te s  in  the event o f 
s e lf settlem ent of the f i l l .  T h re e  ye a rs  la te r ,  in  1935, the  f i r s t  o f tw o  U n ited  
S tates patents w ere  f i le d  by W illiam  H . E v e rs . The e a r l ie r  patent re fe r re d  to  a 
system  using c o rru g a te d  m etal fac ing  u n its  s im ila r  to  those p roposed  by V id a l some 
th i r t y  yea rs  la te r .  Anchorage  fo r  the tw o  un its  cons is ted  of sh o rt sec tions  o f 
c r ib  w a ll m anufactured fro m  co rru g a te d  m etal s im ila r  to  tha t used fo r  the fa c in g  u n its .  
D e ta ils  o f the fac ing  and a ncho ring  u n its  re p roduced  fro m  the o r ig in a l patent 
d raw ings a re  shown in  F ig u re  6 . The second pa ten t, f i le d  by E v e rs  in  1936, 
was s im ila r  in  concept to  the f i r s t  except fo r  the use o f p re ca s t c o n c re te  
co rruga ted  un its  in  p lace o f the m etal u n its . B a re ly  one ye a r la te r  a patent was 
f i le d  in  Japan, and subsequently  in  the U n ited  S tates by K in j i r o  Kato  fo r  a so 
ca lle d  "s tone  t r e l l i s "  system . T h is  system  c ite d  by Kato fo r  use in  dam s, com prised  
o f long  c y lin d r ic a l w ire  mesh gabions f i l le d  w ith  stone and la id  in  the bed of the  
w a te rco u rse  p a ra lle l to  the d ire c t io n  o f f lo w . The leng ths  of the gabions 
decreased in  the uppercourses to  for_ma dam w ith  a v e r t ic a l upstream  face and a 
ba tte red  dow nstream  s lope .
The p ro fu s io n  o f patents continued  a fte r  the second W orld War when Y ouho tsky  
f i le d  a patent in  A u s tra lia  in  1952 fo llo w ed  by a B r i t is h  patent in  1953. The 
essence o f the innova tion  d esc ribe d  was the use of h o r iz o n ta l la y e rs  o f s o il 
s ta b iliz e d  w ith  a "h a rd en in g  agent" to  c o n s tra in  the in te rv e n in g  un tre a ted  la y e rs .
One cannot help but fe e l,  o r  hope, tha t Y ouhotsky had h is  tongue f i r m ly  in  h is 
cheek when he w ro te  :
"A  wedding cak^ o f se ve ra l la y e rs  o f d ry  w a ffle s  w ith  th in  la y e rs  o f so ft 
cream y f i l l in g  between them w i l l  m a in ta in  its  he igh t and shape and may even 
take the w eight of a s u p e rs tru c tu re " .
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A search  of the l i te ra tu r e  re ve a ls  no re fe re n c e  to  the ac tua l c o n s tru c tio n  
o f such a s u p e rs tru c tu re . In  1957 Lallem and f i le d  a patent in  w h ich  he 
advocated the use' o f a p r is m a tic  re in fo rc in g  member to  w h ich  was a ttached 
p la tes  o f va rio u s  shapes, F ig u re  7 , to  in c re a se  the p u ll-o u t re s is ta n c e  of 
the re in fo rc e m e n t. The patent is  in te re s t in g  is  as much as Lallem and extends the 
use o f h is  re in fo rc in g  techn iques to  va u lts  and a rches  as V id a l was to  s e v e ra l 
ye a rs  la te r .
3 ,0  DEVELO PM ENTS SU BSEQ U EN T TO 1963
What m ight be rega rded  as the f i r s t  c re d ib le  re in fo rc e d  e a rth  system  was 
patented in  F ra n ce  by H e n ri V id a l on 23 rd  M arch 1963, in  fac t on th is  date tw o  
patents w ere  f i le d .  The f i r s t  o f these was fo r  the now fa m il ia r  T e r re  A rm ee us ing  
the o r ig in a l s tee l fac ing  u n its  o f semi e l l ip t ic a l c ro s s  se c tio n , F ig u re  8 . The 
second patent was fo r  a l i t t le  known system fo r  the c o n s tru c tio n  o f subm arine  
co as ta l and r iv e r  defence w o rks  using  e ith e r  huge concre te  d um b-be lls  o r  a la rg e  
concre te  "n e c k la c e " w h ich  in  V id a l's  w o rds :
" . .  .can  alone o r  in  com bination  w ith  o th e r id e n tic a l cha ins be w ound, 
fo lded  o r  c ro sse d  o ve r i t s e l f  so as to  fo rm  a coherent in te r lo c k e d  mass 
o f any d e s ire d  shape the face of w h ich  can be v e r t ic a l o r  even o ve r-h a n g in g  
in  p a r ts " .
A fu r th e r  tw o patents w ere  g ra n te d , one in  1968 co nce rn ing  m a n u fa c tu r in g  and 
hand ling  techn iques fo r  the "c o n c re te  n eck lace " and one in  1969 in  w h ich  the p re ca s t 
concre te  fac ing  u n it,  F ig u re  9 , was in tro d u c e d . Tab le  1 g iv e s  d e ta ils  o f these 
patents and th e ir  B r i t is h  co u n te rp a rts  w h ich  w e re  la te r  f i le d  by V id a l.
TA B LE  1 P A T E N T S  F IL E D  BY K . V ID A L  1963 -  1969
FRENCH PATENT DATE DATE 
SPECIFICATION No. FILED PUBLISHED
BRITISH PATENT DATE DATE DETAILS OF INVENTION
SPECIFICATION NO. FILED PUBLISHED
1,381,245 27.3.63 2.11.64 1065538 24.3.64 19.3.67 Concrete "necklace"
1,594,550 . 22.1.68 17.7.70 1259301
2,055983 14.8.69 14.5.71 1324686
1,393,988 27.3.63 2.2.65 1059361 25.3.64 17.5.67 Steel facing unit
21.1.69 5.1.72 Concrete "necklace"
4.8.70 25.7.73 Concrete facing unit
The e a r ly  re s e a rc h  and developm ent w o rk  on T e r re  A rm ee was c a r r ie d  out by 
V id a l alone between I960 and 1967 5 th is  w o rk  cu lm in a ting  in  the c o n s tru c tio n  of 
the f i r s t  w a ll in  1964, P r ic e  (1975) and pub lica tio n , o f the pape r MLa T e r re  
A rm e e " in  1966. A pape r o f the same t i t le  was p re p a re d  by V id a l in  1963 
but was fo r  s t r ic t ly  lim ite d  c ir c u la t io n .  In  M arch 1966 V id a l le c tu re d  to  the 
F re n ch  S o il M echanics Com m ittee on h is  concepts o f re in fo rc e d  e a r th . The 
le c tu re  was attended by re p re s e n ta t iv e s  o f L .C .P . C . ,  who became in v o lv e d  in  
a ie x te n s iv e  re s e a rc h  and developm ent program m e in  1967» S c h lo s s e r and V id a l 
(1969) • The f i r s t  m a jo r s tru c tu re  in  T e r re  A rm ee was s ta rte d  on the A u to ro u te  
de Menton in  1968 and was c lo s e ly  m on ito red  by th e L .C .P .C .  O n ly tw o  yea rs  
la te r  the f i r s t  a p p lica tio n  o f T e r re  A rm ee was com pleted in  the U n ited  S ta te s ,
P r ic e  (1976). The w o rk  cons is te d  o f the c o n s tru c tio n  o f a la rg e - re in fo rc e d  e a rth  
w a ll in  side long  ground as p a r t o f the rem ed ia l' w o rks  to  a la n d s lid e  on C a lifo rn ia  
Route 39, th is  w o rk  has been w id e ly  re p o rte d  by Beaton et a l (1974) and Chang et 
a l (1972, 1974).
The concept o f T e r re  A rm ee was in troduced in the U n ited  Kingdom in  1966 when V id a l 
le c tu re d  to  the B r i t is h  S ection  o f the S oc ie ty  o f F re n ch  C iv i l  E n g in e e rs , th is  le c tu re  
was repeated  in  1972. A y e a r la te r  a te ch n ica l paper was pub lished  by Symons 
fo llo w in g  a v is i t  to  L .C .P .C .  in  1971. The f i r s t  w a ll us ing  the T e r re  A rm ee system  
in  the U n ited  Kingdom was b u ilt  on the L e ith  to  Gr&oton road  n ea r E d inb u rg h  in  
1972 by Tarm ac C o n s tru c tio n  L td . The w a ll w h ich  was 106m long  and up to  7m 
high was com pleted in  fiv e  w eeks, the c o n s tru c tio n  and pe rfo rm ance  of .this w a ll 
a re  re p o rte d  by F in la y  and S u the rland  (1977). T h is  success was repea ted  on the 
Huntingdon-G bdm anchester bypass w here  fo u r w ing w a lls  66m long ,up  to  11m high 
w ere  com pleted by Monk L im ited  in  tw e n ty -tw o  days . In  the same y e a r ,  1972, 
the D .O .E .  s ta rte d  its  own re in fo rc e d  e a rth  re s e a rc h  and developm ent program m e 
w ith  B ane rjee  o f the D .O .E .  a ss is ted  by B o lton  at U . M . I . S . T . ,  appo in ted  to  
c a r r y  out a th e o re tic a l s tudy . Jones of the West R id ing  County C o u n c il was 
re sp o n s ib le  fo r  d ev is ing  a p ra c tic a l c o n s tru c tio n  method, R e in a , (1975). These 
stud ies cu lm ina ted  in  the p ro du c tio n  of tw o  re p o r ts ,  B an e rje e  (1973) and B o lton  
(1972), and the c o n s tru c tio n  o f a 100m long p ro to typ e  w a ll on the M62 in  Y o rk s h ire  .
On 7th Decem ber 1973 the S e c re ta ry  o f S tate fo r  the E nv ironm en t in  the p e rson  of
C . J . F . P .  Jones f i le d  a B r i t is h  Patent fo r  a re in fo rc e d  e a rth  sys tem , F ig u re  10, 
the com plete s p e c ific a tio n  being pub lished  in  Septem ber 1977*
In  Decem ber 1973 C ooper , ac ting  as V id a l's  agent f o r 'T e r r e  A rm ee approached 
both the D .O .E ;  and the  M in is try  of D efence, cus tod ians of C ro w n .P a te n ts , on . -
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the sub ject to  patent r ig h ts ,  P r ic e  (1978). F rom  th is  came a s e r ie s  o f in co n c lu s iv e  
m eetings d u rin g  w h ich  tim e c o n s tru c tio n  of the M62 w a ll co n tinued . In  the 
autumn of 1974 V id a l in s tig a te d  le g a l p roceed ings aga ins t the D .O .E .  fo r  
a lle g e d ly  in fr in g in g  h is  patent , Reina (1975)* The re s u lt in g  lit ig a t io n ., w h ich  
to  date is  u n re so lve d , has e ffe c t iv e ly  stagnated the w id e sp re a d  use of 
re in fo rc e d  e a rth  in  the U n ited  K ingdom .
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R E FE R E N C E S
AM ESBUR Y H .C . 1935
ANON 1949
ANON 1967
ANON 1970
B AN ER JEE  P .K .  1973
BOLTON M .D . 1972
F in a l R epo rt fo r  the C o n s tru c tio n  of a p o r tio n  o f 
P rim a ry  State H ighw ay in  Del N o rte  County 
C o n tra c t 61TC1, D iv is io n  of H ig h w a y s , S tate  o f 
C a lifo rn ia .
E ro s io n  c o n tro l on C a lifo rn ia  S tate H ighw ays 
D iv is io n  o f H ighw ays , S tate  o f C a lifo rn ia .
Large  Dams in  A u s tra lia .
Gen R e p o rt. P ro c .  9.th In t.C o n g .L a rg e  Dam s, 
InstanbU l V o l . IV .
S tee l faced r o c k f i l l  dam p roves as easy to  he igh ten  
as to  b u ild .
E n g rg . News R ec. A p r i l .
P r i  n c ip les  o f a n a ly s is , design and c o n s tru c tio n  
o f re in fo rc e d  e a rth  re ta in in g  w a lls .
D .O .E .  H E C B /B 1 /4 .
R e in fo rce d  e a rth  -  A c e n tr ifu g e  s tudy .
R eport fo r  D .O .E .  D ep t, o f C iv .E n g rg .U M IS T
B EATO N  J .L .,F O R S Y T H  R .A .  & CHANG J .C .  1974
Design and f ie ld  b ehav iou r o f the re in fo rc e d  e a r th  embankment 
Road 39.
R eport of C a lifo rn ia  D ep t, of T ra n p o r ta t io n , D iv .  of 
H ig h w a ys .
CHANG J .C .,F O R S Y T H  R .A .  & S M IT H  T 1972
R e in fo rce d  e a rth  h ighw ay embankment -  Road 39.
H ighw ay F o c u s , V o l . 4 . N o .1.
CHANG J .C .,D U R R  D .L . & FO R S Y TH  R .A .  1974
E a rth w o rk  R e in fo rcem ent Techniques
C a lifo rn ia  D ep t, o f T ra n s p o rta t io n , T ra n s p o r t  Lab .
Res .R e p t.F e b ru a ry .
CHANG J .C .  1974
E a rth w o rk  re in fo rce m e n t techn iques .
C a lifo rn ia  D e p t. ,o f  T ra n s p o rta t io n , T ra n s p o r t Lab . 
R e s .R e p t. O c to b e r.
CHANG J .C .,F O R S Y T H  R .A .  & B EA TO N  J .L .  1974
P erfo rm ance  of a .re in fo rc e d  ea rth  f i l l  
T ra n s p o rt R esearch  R ecord  N o .510.
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COPPLESTONE T 1963
COYNE M . A .  1927
COYNE M . A .  1929 
COYNE M . A .  1945
D . O . E .  1977
W orld A rc h ite c tu re  
H an lyn  ,Fe ltham .
M urs de soutene;ment et m urs de quai a eche lle  
Le Genie C iv i l ,  Tome XC1, O c tob e r.
F re n ch  patent s p e c ific a tio n  No. 656 ,69 2 .
M urs de soutenement et . m urs de quai a e c h e lle . 
Le Genie C iv il, May
R e in fo rce d  e a rth  re ta in in g  w a lls  fo r  embankments 
in c lu d in g  abutm ents.
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FIGURE 1.1 THE TOWER OF BABEL  
(AFTER COPPLESTONE, 1965)
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F I G U R E  1.9 LA T E R R E  ARMEE
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FIGURE 1.10 THE D O E .  S Y S T E M  
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CHAPTER 2
R E IN F O R C E D  E A R TH  -  A S T A T E  OF TH E  AR T R E V IE W .
1 .0  TH E  M EC H AN ISM  OF R E IN F O R C E D  E A R TH
W alking a cross  a d ry  sandy beach q u ic k ly  re ve a ls  tha t s o il is  an in h e re n tly  weak
m a te r ia l.  I f  the same beach sand is  sealed in  a s im ple ju te  sack i t  w i l l  re s is t
was made by H e n ri V id a l,  a F re n ch  a rc h ite c t ,  who found tha t ro u g h ly  form ed 
mounds o f d ry  sand could  be made to  stand at a s tee p e r angle a fte r  the a dd itio n  
o f h o r iz o n ta l la y e rs  o f p ine needles . The bas ic  conc lus ion  reached by V id a l . 
(1966) was tha t when d ry  g ra n u la r s o il is  combined w ith  a rough  m a te r ia l having  
te n s ile  s tre ng th  the. re s u lt in g  com posite  m a te r ia l is  s tro n g e r than s o il a lone .
1.1 TH E  A N IS O T R O P IC  E L A S T IC IT Y  CO NCEPT
Some fo rty  yea rs  ago P ro fe s s o r A r th u r  C asagrande po in ted out the im po rtance  in  
foundation  eng ineering  o f a lte rn a te  h o r iz o n ta l la y e rs  cf so ft and s tro ng  s o i l .  In  
the s tra t if ie d  s o il the s trong  la y e rs  may re in fo rc e  the so ft la y e rs  and so cause a 
much m ore favou rab le  d is tr ib u t io n  o f s tre sse s  in  the so ft s o il than is  in d ic a te d  by 
th e o rie s  o f is o tro p ic  e la s t ic ity .  T h is  prob lem  was in ve s tig a te d  by W este rgaard  
(1938) who assumed tha t the la y e rs  of s trong  s o il cou ld  be m odelled by c lo s e ly  
spaced sheets o f s trong  in e x te n s ib le  m a te r ia l o fn e g lig ib le T th jc k n e s s . W este rgaard  
ta c i t ly  assumed that th e re  was no s lip  between the so ft m a te r ia l and the  in e x te n s ib le  
shee ts. Assum ing v e r t ic a l and h o r iz o n ta l s tre sse s  to  be p r in c ip a l s tre sse s  
a p p lica tio n  o f is o tro p ic  e la s tic  th e o ry  leads to  the sim ple e xp re ss io n  fo r  
h o r iz o n ta l s tra in  g iven in  Equation  (1)
S ince h o r iz o n ta l s tra in  is  suppressed by the in e x te n s ib le  re in fo rc e m e n t equation 
(1) may be set to  ze ro  and re a rra n g e d  to  g ive  equa tion  (2):
the w e ight of s e ve ra l men w ithou t show ing signs o f fa i lu re . A s im ila r  o b se rva tio n
(1)
E
h . . ( 2 )
av
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A s lig h t ly  m ore lu c id  expansion o f the W estergaard  ana lys is  was in c lu d e d  by 
H a rr is o n  & G e rra rd  (1972) in  a gene ra l th e o ry  w h ich  co n s id e rs  a f in ite  range of 
va lues o f- re la tiv e  s o il/re in fo rc e m e n t s t if fn e s s . I t  was concluded tha t even v e ry  
s t i f f  h o r iz o n ta l re in fo rcem e n t has l i t t le  e ffec t in  reduc ing  se ttlem en t.
1.2 V ID A L 'S  CO NCEPT
In  h is e a r ly  w o rk  V id a l (1966,1969a,1969b) a c c u ra te ly  id e n tif ie d  and exp la ined  a 
fundam ental mechanism o f re in fo rc-ed  e a r th . I t  was po in ted-out tha t u n re in fo rc e d  
s o il obeys the M ohr-C ou lom b fa ilu re .c r ite r io n  w h ich  fo r  a co hes ion less  s o il may be 
s im p ly  defined by tw o  lin e a r  fa i lu re  envelopes in c lin e d  at + 0 and -  0 to  the 
norm a l s tre s s  a x is , F ig u re  1, w here  0 is  the in te rn a l angle o f sh ea ring  re s is ta n c e  
o f the s o il.  I f  such a s o il is  loaded by a v e r t ic a l p r in c ip a l s tre s s  a ^ 1 th'en fo r  
the s o il not to  fa i l  th e re  must a lso  be a la te ra l co n fin in g  s tre s s  e x a c t in g  on the 
s o il.  The minimum va lue of cr^' co ns is te n t w ith  s ta b il ity  is  Ka a ^  w he re  K-a 
is  the c o e ff ic ie n t o f a c tive  e a rth  p re s s u re . T h is  l im it in g  co n d itio n  is  re p re s e n te d  
by the M ohr s tre s s  c ir c le  shown in  s o lid  lin e  in  F ig u re  1. I f  the e x te rn a lly  
app lied  co n fin in g  p re ssu re  cr^1 is  reduced to  ze ro  then under the ac tion  o f 
the s tre s s  c ir c le ,  shown in  b roken  lin e  in  F ig u re  1 would fall., ou ts ide  the  M o h r- 
Coulomb envelope thus in d ic a tin g  fa i lu re  in  the s o i l .
V id a l next cons ide red  the e ffec ts  o f in tro d u c in g  a s t r ip  o f h o r iz o n ta l re in fo rc e m e n t 
o f w id th  b to  an unconfined mass o f s o i l ,  F ig u re  2 . I f  a s te a d ily  in c re a s in g  norm a l 
s tre s s , c r ^ ' / is  then app lied  th e re  would be la te ra l movement induced in  the  s o il 
w h ich  would generate a f r ic t io n a l fo rc e  between the soil and l ie  re in fo rc e m e n t. 
C o n s ide ring  a leng th  c£ re in fo rcem ent o f embedded leng th  &1 having  a c o e ff ic ie n t o f 
s o il/re in fo rc e m e n t f r ic t io n  f the change in  te n s ile  fo rc e  genera ted  unde r the a c tio n  
o f the norm a l s tre ss  is :
6T  = 2a 1 b f 61 . .  . . . . : ( 3 )
F o r  th e re  to  be no fa ilu re  by slippage between the s o il and'the re in fo rc e m e n t: 
dT
2<r 'b d l
<  f   (4 )
R eference to F ig u re  2 re a d ily  re ve a ls  tha t the q ua n tity  6T is  s im p ly  the d iffe re n c e  
between the te n s ile  fo rces  T j and genera ted at the tw o ends of the re in fo rc e m e n t.
A m ore gene ra l exp ress io n  was la te r  d e r ive d  by Behnia (1972,1973)*
As the ac tion  o f load ing  the element o f re in fo rc e d  s o il induces a te n s ile  fo rc e  in
the re in fo rce m e n t so th e re  is  a co rre sp o n d in g  com press ive  la te r a l s tre s s
generated in  the s o i l .  T h is  induced co n fin in g  s tre s s  is  analogous to  an
e x te rn a lly  app lied  co n fin ing  p re s s u re  cr_! and p ro v id e d  tha t A d 1 <  K a *• ^  ^  -L
th e re  is  no fa i lu re  in  the s o il,  F ig u re  1. T h is  concept may be m ore re a d ily  
understood by re fe re n ce  to  F ig u re  3* The le f t  hand s tre s s  c ir c le  re p re s e n ts  
an u n re in fo rc e d  s o il under the ac tion  o f a co n fin in g  s tre s s  o ^ ! . F a ilu re  o ccu rs  
under a m a jo r p r in c ip a l s tre ss  c ^ '*  I f  the same s o il w ere  re in fo rc e d  then 
d u r in g  the p rocess  o f load ing  the co n fin in g  p re s s u re  in c re a s e s  to  ( cr^ ® + A c ^ * )  
and fa i lu re  o ccu rs  at a much h ig h e r s tre s s  le v e l o f ( cj^ ^ o F a ilu re  u lt im a te ly  
o ccu rs  by bond, tha t is  s lippage between the s o il and re in fo rc e m e n t, o r  by te n s ile  
fa i lu re  o f the re in fo rc e m e n t.
In  la te r  w c rk  V id a l (1972) d ig resse d  from  h is o r ig in a l th e o ry  and f i r m ly  su b sc rib e d  
to  the "a n is o tro p ic  cohesion th e o ry " .
1.3 TH E A N IS O T R O P IC  C O H E S IO N  THEO RY
One o f the e a r lie s t expe rim en ta l and th e o re t ic a l s tud ies o f the m echan ism  o f 
re in fc rc e d  e a rth  was c a r r ie d  out at the L a b o ra to ire  C e n tra l des F on ts  et 
Chaussees (LC P C ). T h is  study employed the t r ia x ia l  appara tus in  w h ich  
c y lin d r ic a l samples o f re in fo rc e d  sand w ere  tes ted  under a x isym m e tric  s tre s s  
co n d itio n s .
S eve ra l ye a rs  la te r  a s im ila r  but m ore p ro found  study was unde rtaken  at the 
New South Wales In s t itu te  o f T echno logy . A lthough  both schoo ls  su b sc rib e d  to  
the so -ca lled  cohesion concept i t  is  conven ient to  c o n s id e r the re s u lt in g  hypotheses 
se p a ra te ly .
1.3*1 The LCPC Test R e su lts .
In  1972 Long et a l pub lished the re s u lts  o f a s e rie s  o f t r ia x ia l  te s ts  c a r r ie d  out in  
the hope o f de fin irr; the mechanism o f re in fo rc e d  e a r th . The te s ts  w e re  c a r r ie d  
out on 100mm d iam ete r samples o f d ry  F onta ineb leau  sand, (d^Q = 0.15m m ,U  = 1 .6 ), 
compacted to ,a  mean d ry  dens ity  o f 1.67 M g/m ^* C e ll p re s s u re  was a pp lie d  by 
com pressed a i r .  Samples w ere  g e n e ra lly  200mm high how ever some 300mm high 
samples w ere  tested  to  assess the e ffe c ts  o f aspect ra t io .  The te s ts  w e re  
com para tive  in  as much as both re in fo rc e d  and un re in fo rce d  samples w e re  te s te d .
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R ein fo rcem ent was in  the form  of 100mm d iam ete r d iscs  o f 18 m ic ro n  th ick  
a lum in ium  f o i l ,  w ith  an u ltim a te  te n s ile  s tre n g th  o f 1.5 kN p e r m e tre  w id th , w h ich  
was p laced h o r iz o n ta lly  at a constant v e r t ic a l spacing in  any one sam ple. The 
e ffe c ts  o f re in fo rce m e n t spacing , h , was in ve s tiga ted .as  w e ll as the e ffe c ts  of; 
re in fo rce m e n t te n s ile  s tre n g th , T . R e in fo rcem ent te n s ile  s tre n g th  was v a r ie d  
by v a ry in g  the num ber o f a lum inium  fo i l  d iscs  used to  fo rm  each la y e r  o f 
re in fo rc e m e n t.
Long et a l ( lo c .c i t )  observed  tha t above a c e r ta in  th re s h o ld  va lue  o f app lied
co n fin in g  p re s s u re  th e re  was a constant i n c r e a s e ,  A a^ ', i n  app lied  v e r t ic a l s tre s s
at fa i lu re  in  samples w ith  re in fo rce m e n t at a g iven te n s ile  s tre n g th  and spac ing ,
F ig u re  4 . F a ilu re  of the re in fo rc e d  samples was v e ry  b r i t t le ,  F ig u re  5 , w ith
a d ra s tic  decrease  in  s tre ng th  past the peak. T h is  b r it t le n e s s  was le s s  severe
at h ig h e r app lied  co n fin in g  p re ssu re s  o r  in  le ss  h e a v ily  re in fo rc e d  sam ples.
P ost fa i lu re  in sp e c tio n  o f d ism antled  samples showed c o n s is te n tly  tha t the
re in fo rce m e n t had fa ile d  in  te n s io n . S im ila r  exam ina tions o f sam ples fa i l in g  below
the th re s h o ld  va lue  o f co n fin ing  p re s s u re  showed fa r  le ss  s ign  o f tens ile  fa i lu re  in
the re in fo rc e m e n t. In  genera l the th re s h o ld  va lue  o f co n fin in g  p re s s u re  was found
2 2to  be in  the range 50 kN /m  to  100 kN /m  . I t  was concluded th a t.s in c e , fo r  te n s ile  
re in fo rce m e n t fa i lu re ,  the fa i lu re  envelopes cf both the re in fo rc e d  and u n re in fo rc e d  
sand a re  p a ra l le l ,  and th e re fo re  e x h ib it the same angle o f in te rn a l sh ea ring  
re s is ta n c e , the a d d itio n a l s tre ng th  im pa rted  by the re in fo rc e m e n t co u ld  be 
re p re sen ted  by an apparent a n is o tro p ic  cohesion c \ .  A lthough  Long et a l ( lo c .c i t )  
fo rm u la ted  an e xp ress io n  fo r th is  pseudo cohesion  th e ir  d e r iv a t io n  is somewhat 
confused .
1 .3 *2  The LCPC Cohesion T h eo ry
A m ore a u th o r ita tiv e  expos ition  o f the LCPC cohesion th e o ry  is  g iven  by S c h lo s s e r 
& lo n g  (1973)* F i r s t ly  the fa i lu re  envelope fo r  the re in fo rc e d  s o il is  de fined  by 
e q u a tion  (5 ), in  w h ich  the second te rm  re la te s  to  the im provem ent caused by the 
re in fo rc e m e n t.
T h is  exp ress io n  was com pared to  the R a n k in e -B e ll.E q u a tio n  fo r  a c ' - 0 '  s o i l ,  
equa tion  (6):
K a ’ + A c l 1
P 3 1 (5)
K a ’ + 2 JK  c ’
P 3 + P (6 )
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E quating  (5) and (6) leads to equation  (7):
A c l 1
c = i_   (7)
S c h lo sse r & Long  ( lo c .c i t )  next cons ide red  the e q u ilib r iu m  o f a re in fo rc e d  c y lin d e r  
o f s o il sub jected to  . ax isym m etric  lo a d in g , F ig u re  6 , cu t by a fa i lu re  plane 
in c lin e d  at ex. to  the h o r iz o n ta l.  In  a d d itio n .to  the fo rc e s  genera ted  by the 
p r in c ip a l s tre ss  cr^’ and cr^’ th e re  is  a te n s ile  fo rc e  F developed by the 
re in fo rcem e n ts  w h ich  acts on the fa i lu re  p lane to g e th e r w ith  a re s u lta n t fo rc e  R .
I f  the cross-sectiona l a rea  of the c y lin d r ic a l sec tion  is  A i t  fo llo w s  fro m  the 
tr ia n g le  o f fo rc e s , F ig u re  6 , tha t:
F + c r ’ Atanoc -  o f Atan(oc -  0 )  (8)
5 1
T ak ing  the sample to  fa i l  by b reak ing  o f the re in fo rce m e n ts  i t  fo llo w s  tha t the 
te n s ile  fo rc e  F is  equal to  the sum o f the te n s ile  fo rc e s  T from  each re in fo rc e m e n t 
cu t by the fa i lu re  p lane . T h is  summation is  de fined  by equation (9) assum ing 
the v e r t ic a l re in fo rce m e n t spacing h is  sm all com pared to the he igh t o f the sam ple.
F = Atancx T  (9 )
Com bin ing equations (8) and (9) leads to  equa tion  (10):
= (cr^f + ^ h )  ta n  cx c o t (c X - 0)  .(10)
On d if fe re n t ia t in g  i t  is  found that the maximum va lue o f o ccu rs  when oc =45+ <Z/2 
F o r  th is  va lue  o f oc equation  (10) reduces to  equa tion  (11):
a ' = K a '  + K T /h  (11)1 p 3 P
C om parison o f equations (5) and (11) leads to  equation  (12):
= KpT/k . . . . . . 0 2 )
T h is  exp ress io n  is  in  good agreement w ith  the. re s u lt ’s o f Long et a l ( lo c . c i t )  w h ich  - 
showed to v a ry  l in e a r ly  w ith  T and the in v e rs e  of h . Subsequent s u b s titu tio n
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from  equation (12) in to  equation (7) leads to  an exp ress io n  fo r  the a n is o tro p ic  
cohes ion , e q u a tio n  (13):
A com parison  o f th is  th e o re tic a l re la t io n s h ip  and the  expe rim en ta l re s u lts  
obta ined by Long et a l (lo c .c it)show .s  e xce lle n t agreem ent, F ig u re  7* S c h lo s s e r 
and Long (loc  .c i t )  went on to  d e r iv e  an a n a ly tic a l e xp re ss io n  fo r  bond fa i lu re  , 
h ow eve r, the re s u lt  was ra th e r  dubious and is  th e re fo re  not c o n s id e re d  fu r th e r.. 
L a te r tes ts  by Bacot (1974) , again using  a lum in ium  d isc  re in fo rc e m e n t 
c o rro b o ra te d  the  re s u lts  o f Long et a l ( lo c .c i t )  w ith  the expe rim en ta l re s u lts  
being in  good agreem ent w ith  the p re d ic tio n s  fro m  equation  (13). The e ff ic a c y  
o f th is  e xp ress io n  was fu r th e r ,  and somewhat s u rp r is in g ly  b o ls te re d  by tes t 
re s u lts  pub lished  by S aran  et a l (1978) who ye t again  employed c y l in d r ic a l sand 
samples re in fo rc e d  w ith  f o i l .  H o w e ve r, these p a r tic u la r  sam ples, w h ich  w e re  
38mm d ia m e te r, w ere  re in fo rc e d  w ith  r in g s  of a lum in ium  fo i l  w ith  in n e r  and o u te r 
d iam ete rs  o f 10mm and 3 7 .5mm re s p e c tiv e ly  ra th e r  than the "c o n v e n tio n a l"  s o lid  
d is c s . D esp ite  th is  innova tion  e xce lle n t agreem ent was found to  e x is t bevween 
th e o re tic a l and expe rim en ta l re s u lts  us ing  a s lig h t ly  m od ified  v e rs io n  o f equa tion  
(13) where r  is  the ra t io  o f the p lan a rea  o f the re in fo rc in g  r in g  to  the c ro s s -  
se c tion a l a rea  of the sam ple.
1 .3 *3  The NSW Cohesion T h eo ry
A m ore u n ifie d  a n is o tro p ic  cohesion th e o ry  was postu la ted  by Hausmann (1976).
In  fac t tw o models w ere  p roposed, the so -ca lled  Sigma and Tau m ode ls , both 
dea ling  w ith  bond and te n s ile  fa i lu re .  The Sigma model assum es th a t the 
re in fo rce m e n t ass is ts ' the s o il to  re s is t  la te r a l expans ion . T h is  e ffe c t is  in te r ­
p re ted  as an in t r in s ic  p re s tre s s  m o b ilise d  fu l ly  when the s o il reaches  a s ta te  o f
p la s tic  e q u ilib r iu m  as defined by Rankine th e o ry , tha t is  or * = K a 1 „
3 . JL
In  the case of a re ta in in g  s tru c tu re  the re in fo rce m e n t is  assumed to  a llo w  the
la te ra l s tre s s  cr_ 'to reduce below  the:act.ive s tre s s  by an amount, a * 0 In  the 3 J . r  •
Teu model the re in fo rcem e n t is  assumed to  in tro d u c e  h o r iz o n ta l and v e r t ic a l shea r 
s tre s s e s , Tr , in to  the in i t ia l ly  g eos ta tic  s tre s s  c o n d it io n s . S ince  the end re s u lt  
"from  the. two-m odels is v e ry  s im ila r  c o n s id e ra tio n  is  lim ite d  to  the Sigma model .
(13)
h 2
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1 .3 *4  The Sigma Model:
Hausmann ( lo c .c i t )  f i r s t  cons ide red  the case o f a constant p re s tre s s  c  * 0 
T h is  co rre sp on d s  to  cond itions  when fa i lu re  o f a re in fo rc e d  s o il mass o ccu rs  
by ru p tu re  o f the re in fo rcem e n t . L a te ra l expansion o f the s o il mass c re a te s  
a p re s tre s s  s ta t ic a lly  equ iva len t to  the f r ic t io n a l fo rc e  developed between the 
s o il and the re in fo rce m e n t w ith  a maximum va lue  dete rm ined  by the te n s ile  
s tre n g th  o f the re in fo rc in g  m a te r ia l.  F o r  a constant p re s tre s s  ,cr^f, the 
in c re a se d  s tre ng th  is  e xh ib ited  by adding a cohes ion , c , to  the s o il as shown 
in  F ig u re  8 . Hausmann proceeds by equating  m in o r p r in c ip a l s tre s s e s  . as 
shown in  equation (14):
cr * + a 1 = K a. 1  .(14a)3 r  a 1 . . . . .  .vj-h y
Whence:
V  = W  + W   (14b)
D ire c t com parison  between equa tion  (14) and equation (6) y ie ld s  e q u a tio n  (15):
a 1
° r  = J L T L- JL  (15)
R eference  to  F ig u re  9 shows an element o f s o il re in fo rc e d  w ith  a s t r ip  o f m a te r ia l 
o f c ro s s -s e c tio n a l a rea  A and u ltim a te  te n s ile  s tre n g th  o 0 A t fa i lu re  the  fo rc e  in  
the re in fo rce m e n t is  a A , th is  genera tes a s tre s s  in  the s o il g iven  by equation  (16)
V  a - 5 T -   (16)
S ub s titu tion  fo r  c ^ ’ from  equation (16) in to  E quation  (15) leads to  the e x p re ss io n  
c k j K
cr  = - P  (17)
2 BH
F o r  a m u lti4aye red  system equation (17) is  id e n tic a l to  tha t d e r iv e d  by S c h lo s s e r 
and Long ( lo c .c i t ) .
B e fo re  co n s id e rin g  the Sigma model fo r  bond stres-s fa i lu re  i t  is  w o rth  com paring  
the gene ric  equation o f Hausmann, equation (15) w ith  that o f S c h lo s s e r and Long, 
h quation (7 ). The la t te r  is  a statement to  the e ffec t that re in fo rc e d  e a rth  is .  ... .
19
brought to  fa i lu re  by in c re a s in g  cr^' . C o n ve rse ly  the fo rm e r is  a statem ent to  
the e ffec t tha t cr * is  held constant w h ils t o '  is  reduced to  a va lue  le ss  than the 
Rankine a c tive  p re s s u re , that is  Ka c ^ '.  S ince both s tud ies used g ra n u la r  s o il 
th is  argum ent is  fa lla c io u s  fo r  i f  the la te ra l p re s s u re  d id  in  fac t d ro p  below  the ' •
Rankine a c tive  p re s s u re  th e re  would be fa i lu re  in  the s o il i t s e l f  b e fo re  the s o il 
cou ld  induce a te n s ile  fa i lu re  in  the re in fo rc e m e n t.
F o r  fa i lu re  by s lippage between the s o il and re in fo rce m e n t i t  is  assumed tha t 
f r ic t io n  along the re in fo rce m e n t is  p ro p o rt io n a l to  v e r t ic a l s tre s s .  T h is  leads 
to  a v a r ia b le  p re s tre s s  as defined by equation  (18):
V  = FV  '   (18)
T h is  has the e ffe c t o f in c re a s in g  the f r ic t io n  angle as shown in  F ig u re  10. F rom  
.equations (14a) and (18):
V / V  + F = Ka  0 9 )
U sing the s u ff ix  r  to  denote re in fo rc e d  , i t  is  conven ient to  w r ite :
C3 ^ C1 = Ka r  = ^  ”  sin0 'r V ( l  + s in 0 'r )  (20)
C om bination o f equa tions (19) and (20) leads, .to equation (21):
s in ® ' = (K -  F -  1) /  (F  -K  -  1) . .  (21) .r  a. a
R eference  to  F ig u re  11 shows how f r ic t io n a l re s is ta n c e  to  la te ra l expansion  is  
developed by the shear s tre ss  t a c ting  between the s o il and the  re in fo rc e m e n t.
The magnitude o f th is  shear s tre ss  w i l l  depend on the angle o f bond s t re s s ,  6 , 
between the s o il and the re in fo rcem e n t as w e ll as the re la t iv e  movement between 
the s o il and re in fo rc e m e n t. I t  m ight be expected tha t the shea r s tre s s  is  z e ro  at 
the m idpoint and at the ends o f the re in fo rc in g  s t r ip  re a ch in g  a maximum va lue  of 
cr^' tan b  between these two p o in ts . The e ffe c ts  o f the uneven d is t r ib u t io n  o f shear 
s tre s s  and im p e rfe c t t ra n s fe r  could  be taken in to  account by in tro d u c in g  a 
re in fo rcem e n t e ff ic ie n c y  e.
I t  fo llo w s  from  F ig u re  11 tha t:
• B H a ' = ' 2 t B 'L »  . . - . . . . ( 2 2 a )r
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Whence:
cfp* = ^ ' tan62B 'L*e  /  BH   (22b)
F rom  equations (18) and (22b)
F = tan 62B«L'e  / B H ____________________________________ ______ (23)
The v a r ia t io n  of 0 ^ ’ , from  equation (21), w ith  F is  shown in  F ig u re  12.
I t . i s  apparent tha t at low  s tre s s  le v e ls  fa i lu re . in  a re in fo rc e d  e a rth  mass tends 
to  o c c u r by slippage and at h ig h e r s tre s s  le v e ls  by ru p tu re  o f the re in fo rc e m e n t. 
T h is  is  dep icted  in  F ig u re  13 w here  c ir c le s  " a ”  and "b "  de fine  fa i lu re  b y .s lippage  
and ru p tu re  o f the re in fo rcem e n t re s p e c t iv e ly .
Hausmann.. tes ted  h is  th e o rie s  by conducting  a s e rie s  o f te s ts  on 70ir.m d ia m e te r 
samples o f sand both re in fo rc e d  and u n re in fo rc e d . These te s ts  w e re  in te re s t in g  
in  as much as the d iam ete rs  of the re in fo rc in g  d iscs  w ere  v a r ie d  w ith  the la rg e s t 
d isc  being 66mm in  d ia m e te r. The sm a lles t and in te rm e d ia te  s ize  d iscs  w ere  of 
8mm and 25.4mm d iam eter re s p e c tiv e ly . In  us ing  these sm all re in fo rc e m e n ts  
Hausmann a rranged  se ve ra l d iscs  in  any one h o r iz o n ta l p lane o f re in fo rc e m e n t. 
The re s u lts  fo r  samples fa il in g  by ru p tu re  o f the re in fo rce m e n t d id  not show as 
good an agreem ent w ith  the th e o ry  as the LCPC re s u lts .  C o n v e rs e ly  sam ples 
fa il in g  by bond showed qu ite  reasonab le  agreem ent w ith  the th e o ry  once a 
"s u ita b le "  va lue fo r  re in fo rcem e n t e ff ic ie n c y  had been chosen.
1.4 THE ENHANCED C O N F IN IN G  P R ESSU R E THEO RY
The expe rim en ta l w o rk  c a r r ie d  out at the LCPC and NSW In s t itu te  o f T echno logy  
used sand. T h is  is  by d e fin it io n  a cohes ion less  s o il yet the th e o r ie s  propounded 
a ttr ib u te d  a cohesion to. such s o il when combined w ith  re in fo rc e m e n t. One b a s ic , 
and e rro n e o u s , assum ption made in  such in te rp re ta t io n  is  tha t the e x te rn a lly  
app lied  s tre sses  a re  both p r in c ip a l and un ifo rm  throughout the sam ple , yet i t  
was w e ll recogn ised  long befo re  the c u rre n t spate o f re in fo rc e d  e a rth  re s e a rc h , 
tha t the in te rn a l s tre s s  d is tr ib u t io n  in  a c y lin d r ic a l t r ia x ia l  sample is  fa r  from  
u n ifo rm , H ay tho rn thw a ite  (I960 ).
A na lyses based on e la s tic  th e o ry  have shown tha t even fo r  ur.confined co m p re ss ion  
of c y lin d r ic a l samples w ith  a height to  d iam ete r r a t io 'o f  tw o , co m p re ss ive  ra d ia l 
s tre sses  a re  developed by the f r ic t io n a l e ffe c ts  o f the end p la tte n s , F ilo n  (1902),
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P ic k e t t ,(1944), D 'A p p o lo n ia .a n d  Newmark(1951), B a lla (1957 ,1960). H o w e ve rth is  e ffe c t is  
most s ig n if ic a n t in  the top and bottom 25% of the sample w h ich  a re  c lo s e s t to  the 
p la ttens  . . A com parison  of the d is tr ib u tio n s  obta ined fro m  the th e o r ie s  c ite d  is  
g iven  in  F ig u re  14. A lthough these d is tr ib u t io n s  v a ry  from  one a no the r the bas ic  
th e o rie s  unanim ously p re d ic t an in c re a se  in  co n fin in g  p re s s u re . A p a r t ic u la r ly  
in te re s t in g  a n a ly tic a l method has been p resen ted  by P e r lo f f  and Pombo (1969) who 
re la te  the development o f th£ in d uce d  ra d ia l s tre s s  to  a x ia l s t ra in .
N o n -un ifo rm  s tre ss  d is tr ib u t io n s  have been m easured d ire c t ly  at the  W aterways 
E xpe rim en t S ta tio n , H v o rs le v  (1957). S hockley & A h lv in (1960 ).as  w e ll as in d ire c t ly  
by the measurem ent o f non -u n ifo rm  p o re w a te r p re s s u re  d is t r ib u t io n s ,  B lig h t 
(1963) ,  B arden  (1963), C ra w fo rd  (1963), B arden  & M cD erm ott (1965). The la s t ' 
re fe re n c e  is  p a r t ic u la r ly  in te re s tin g  in  as much as h igh ra d ia l g ra d ie n ts  w e re  
m easured from  the ce n tre  to  the p e r ip h e ry  o f the sam ple. T h is  tends to  co n firm  
the s tre ss  d is tr ib u t io n s  dete rm ined  by B a lia  ( lo c .c i t )  and F ilo n  ( lo c . c i t ) ,  F ig u re  
14.
I t  fol lows  tha t  the  d i s c s  of r e i n f o r c e m e n t  u s e d  by Lo.ng et a l  ( l o c . c i t )  and  H ausm ann  
( l o c . c i t )  c a u s e  a s im i l a r  non-uniform s t r e s s  d i s t r i b u t i o n .  T h e  s i g n i f i c a n c e  of t h i s  
w as  f i r s t  po in ted  out in  a t h e o r e t i c a l  s tudy  c a r r i e d  out at the  I n s t i t u t  de Mecanique  
de G r e n o b le .  A s im i l a r  con c lu s io n  w a s  d r a w n  from c o n t e m p o r a r y  w o r k  at  the 
U n i v e r s i t y  of C a l i f o r n ia  -  Los A n g e l e s .
1 .4 .1  The G renob le  T h eo ry :
In  a g ene ra l study o f re in fo rc e d  e a rth  w a lls  Chapuis (1972) concluded tha t the 
assum ption of v e r t ic a l and h o r iz o n ta l s tre sse s  being p r in c ip a l s tre s s e s  w ith in  a • 
h o r iz o n ta lly  re in fo rc e d  mass o f s o il was w ro n g . I t  was argued tha t s ince  the 
h o r iz o n ta l re in fo rcem e n t induced shear s tre sses  in  the s o il the h o r iz o n ta l p lane 
cou ld  not be a p r in c ip a l plane. S im ila r ly ,v e r t ic a l p lanes w ith in  the re in fo rc e d  mass 
cou ld  not be p r in c ip a l.  The consequence o f d is re g a rd in g  th is  fa c t is  shown in  
F ig u re  15 w h ich  dep ic ts  the M ohr s tre s s  c ir c le s  fo r  a re in fo rc e d  and u n re in fo rc e d  
sample tested  at the same app lied  c e ll p re s s u re . F o r  the u n re in fo rc e d  sam ple, 
w ith  an aspect ra t io  of two , the app lied  c e ll p re s s u re  e qu a ls  the m in o r p r in c ip a l 
s tre s s  cr^1 w h ich  in  th is  case does act on a .v e r t ic a l p lane . The sample fa i ls  
under a v e r t ic a l m a jo r p r in c ip a l s tre s s  and the re s u lt in g  s tre s s  c r ic le  is  
tan g en tia l to  the fa ilu re  envelope w h ich  passes th rou g h  the o r ig in .  When the 
re in fo rc e d  sample is  tes ted  at the same app lied  c e ll p re s s u re  i t  fa i ls  at a h ig h e r 
v e r t ic a l s tre ss  leve l, (cf^’ ^ , F ig u re  15, h o w e v e r,• the m in o r p r in c ip a l s tre s s  at.
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fa i lu re  is  not equal to  the app lied  c e ll p re s s u re  except at the p e r ip h e ry  o f the 
sam ple. I f  how eve r, the app lied  c e ll p re s s u re  is  assumed to  equal the  m in o r 
p r in ic ip a l s tre ss  the re s u lt in g  s tre ss  c ir c le  passes th rough  ( cr^1,
F ig u re  15, and consequently  fa l ls  ou ts ide  the fa i lu re  enve lope. T h is  was 
accounted fo r  by the in tro d u c tio n  o f a pseudo cohesion in te rc e p t c ' .
C hapuis (lo c  .c i t )  apprecia ted, tha t w ith in  the re in fo rced -sa m p le  the m in o r p r in c ip a l 
s tre s s  ( a^ ’ ) r  was h ig h e r than the app lied  c e ll p re s s u re  a ^ '0 In  fa c t is  
in c re a se d  by an amount Ao^' g iven by equation  (24) w h ich  may be d e r iv e d  by 
in sp ec tio n  of F ig u re  9 .
a , T
^ 3  = KTT = h .v .  . . . (2 4 ) .
The magnitude o f th is  exp ress io n  is equal to  tha t d e r ive d  by Hausmann ( lo c . c i t ) ,  
equation  (16) , how ever Acr^’ is  a s tre ss  inc rem en t w hereas e/ was taken  to  be 
a s tre s s  decrem ent. I f  the s tre s s  c ir c le  fo r  the re in fo rc e d  s o il is  re d ra w n  us ing  
the ’ ’t ru e "  va lue  o f m ino r p r in c ip a l s tre s s  i t  is found tha t i t  becomes ta n g e n tia l to  
the tru e  fa i lu re  envelope w h ich  passes th rough  the o r ig in .
S e ve ra l ye a rs  la te r  Chapuis (1977) re v e rte d  to the use o f a pseudo cohesion
and dem onstra ted that fo r  a re in fo rc e d  e a rth  w a ll the cohesion w ou ld  v a ry  a cco rd in g
to  the d is tr ib u t io n  o f shear s tre ss  along the re in fo rc e m e n t.
1 .4 .2  The UCLA Study:
A contem poraneous expe rim en ta l and a n a ly tic a l study was c a r r ie d  out by Yang (1972)
again us ing t r ia x ia l  tes ts  on sand. In  one s e rie s  o f te s ts  Yang in v e s tig a te d  bond-
fa i lu re  using  2.8in(71mmdiam.)samjies’.vith height to  d iam ete r ra t io s ,  h /d ,  v a ry in g
between 2 .2 8  and 0 .2 9 . The samples w ere  mounted . us ing  heavy s tee l end
p la tte ns  w h ich  in  e ffec t acted as i n f i n i t e l y  s trong  r ig id  re in fo rc in g  d is c s . As
be fo re  i t  was found tha t as the re in fo rcem e n t spacing decreased , tha t is  as lo w e r
h /d  ra t io s  w ere  used, the com press ive  s tre ng th  o f the sample in c re a s e d . R a th e r
than a ttr ib u t in g  th is  in c re a se  in  s treng th  to  an enhanced f r ic t io n  angle  Yang assumed
tha t the sand fa ile d  at constant e ffe c tiv e  s tre s s  ra t io  i . e .  a ®  = K 10p a 1
The va lue  o f K was deduced from  conventional te s ts .  On th is  bas is  i t  was a
concluded tha t any in c re a se  in  at fa i lu re  in  the " re in fo rc e d "  sam ples was due to 
an enhanced co n fin ing  p re ssu re  Acr^', th e re fo re , fo r  an app lied  co n fin in g  
•p re ssu re  cr^1
' + Kp A a 3'  (25)
2 5
Thus fo r  a m easured va lue  o f cr^1 and a known app lied  va lue o f i t  was p o ss ib le  
to  eva lua te  Acr^’ equation (26):
. A cr » = K c l  1 -  a '  (26)3 a 1 3 . . . . . .
A norm a lise d  p lo t o f equ iva len t co n fin in g  p re s s u re  ( a ^ 1 + A a ^1 ) / o ^ f aga ins t 
aspect r a t io ,  h /d ,  is  g iven in  F ig u re  17. The observed  in c re a se  in  equ iva len t 
co n fin in g  p re s s u re , and hence s tre n g th , w ith  dec rea s in g  aspect ra t io  was co n firm e d  
by a s e rie s  o f f in ite  element a na lyses . An in i t ia l ly  unexpected re s u lt  was tha t A<x^f 
in c re a se d  l in e a r ly  w ith  app lied  c e ll p re ssu re  F ig u re  18. T h is  fo llo w s  fro m
the fa c t tha t in c re a se s  lin e a r ly -w ith  w h ich in  turn, in c re a s e s  the f r ic t io n a l 
shea r s tre s s  cr f tan6  and hence Acr ' 0
In  a second s e rie s  o f te s ts  use was made of samples , o f the same u n it aspect r a t io ,  
re in fo rc e d  w ith  o rthogona l f irb re g la s s  ne ttin g  o f v a r io u s  te n s ile  s tre n g th s .
A ga in  equ iva len t co n fin in g  p re s s u re  was found to  in c re a s e  l in e a r ly  w ith  app lied  
co n fin in g  p re s s u re , h ow eve r, a va lue  o f app lied  co n fin in g  p re s s u re , te rm ed  the 
c r i t ic a l  p re s s u re , was reached above w h ich  the net fa ile d  in  te n s io n . Beyond th is  
c r i t ic a l  va lue  the magnitude o f Ao^1 was found to be co ns ta n t. T h is  va lue  o f Acr^* 
would be expected to  be tha t p re d ic te d  by equation  (2A) h o w e v e r, th e re  was poo r 
agreem ent between p re d ic te d  and m easured va lu e s . T h is  is  a lm ost c e r ta in ly  due 
to  the  a n is o tro p ic  te n s ile  s tre ng th  and f r ic t io n a l p ro p e rt ie s  assoc ia ted  w ith  net 
s tru c tu re s .
A s im ila r  study was p resen ted  by B rom s (1977) fo r  samples re in fo rc e d  w ith  fa b r ic .  
A ga in  the sample s tre ng th  was found to  in c re a se  w ith  d ecreas ing  re in fo rc e m e n t 
spac ing . A th e o re tic a l assessm ent was made, h ow eve r, th is  conc luded tha t the 
s tre n g th  o f the sample is  a fun c tio n  o f a dubious c o e ff ic ie n t re la t in g  non­
p r in c ip a l h o r iz o n ta l and v e r t ic a l s tre s s e s . u
1 .5  RANDOMLY R E IN FO R C E D  EAR TH  (R .R .E )
In  the expe rim en ta l and a n a ly tic a l in v e s tig a tio n s  p re v io u s ly  co n s id e re d  c y l in d e r s , o r  
cubes, o f s o il have been strengthened by the a dd ition  o f d is c re te  la y e rs  o f 
re in fo rc e m e n t. The re s u lt in g  re in fo rc e d  ea rth  geom etry has been s im p le  and 
th e re fo re  amenable to  th e o re tic a l a n a ly s is . I f  the re in fo rc e m e n t is  in tro d u c e d  
random ly in  the form  of d isontinuous f ib re s  o r  sh o rt s tr ip s  the re s u lt in g  com posite  
defies th e o re tic a l a n a ly s is . D espite  the a pp a re n tly  a lo o f n a tu re  o f Such m a te r ia l
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i t  is  w o rth w h ile  c o n s id e rin g  the lim ite d  q ua n tity  o f a va ila b le  e xpe rim en ta l data 
in  an attempt to  de fine  common m echanism s tha t re la te- random ly  and 
co nve n tion a lly  re in fo rc e d  e a rth .
One o f the e a r lie s t  in ves tiga tions  .was c a r r ie d  out by Lee (1969) w ith  some o f the ' 
re s u lts  being made p u b lic ly  a va ila b le  se ve ra l ye a rs  la te r ,  Lee et a l (1973).
In  th is  in v e s tig a tio n  Lee used, amongst o th e r th in g s , medium sand re in fo rc e d  w ith  
wood shavings 0 .2nm th ick by 1.2mm w ide w ith  lengths v a ry in g  between 25mm and 
75mm. F ig u re  19 shows t r ia x ia l  te s t re s u lts  fo r  u n re in fo rc e d  sand and sand 
re in fo rc e d  w ith  F i r  wood shavings c o n s titu tin g  1.2% by w e ight o f the sam ple. As 
can be seen the s tre n g th  is  in c re ase d  by a fa c to r  o f a pp ro x im a te ly  s ix ,  w ith  a 
d ram a tic  in c re a se  in. de fo rm ation  m odu lus.how ever fa i lu re  tends to  o c c u r at a 
s lig h t ly  h ig h e r a x ia l s tra in  in  the re in fo rc e d  sam ple. T h is  tendancy tow a rds  
in c re a se d  d u c t i l i ty  was noticed  by Razani and B ehpour (1970) who c a r r ie d  out a 
lim ite d  study o f the e ffec ts  o f the a dd ition  of s tra w  to  adobe b r ic k .  I t  was 
found tha t the add itio n  o f s tra w  a c tu a lly  decreased com press ive  s tre n g th , 
the s tre ng th  being halved by the a dd ition  o f 2{% by w e ight o f s tra w .
In  an outstand ing  expo s itio n  G ra y  (1978) co ns ide re d  the ro le  o f woody ve ge ta tio n  in  
re in fo rc in g  so ils  and s ta b il is in g  slopes. Cf p a r t ic u la r  in te re s t a re  re s u lts  o f 250mm 
d ia m e te r d ire c t shear tes ts  c a r r ie d  out on re in fo rc e d  and u n re in fo rc e d  dune sand, 
F ig u re  20. The re in fo rcem e n t used was broom  s tra w  f ib re  w ith  one sample 
re in fo rc e d  w ith  20mm long f ib re s  and the o th e r w ith  40mm long  f ib re s .  As can 
be seen both fa ilu re  envelopes show a d is t in c t s lacken ing  of slope as the  fa i lu re  
mode changes fro m  s lippage o r  bond fa i lu re  to  te n s ile  fa i lu re  o f the  re in fo rc e m e n t.
A t th is  tra n s it io n  po in t the u ltim a te  f ib re  te n s ile  s tre ng th  , T ,  must equal the p u ll 
out re s is ta n c e  o f the f ib re .  C o n s ide ring  a f ib re  o f le n g th  L and d ia m e te r  d the 
lim it in g  p u ll out re s is ta n ce  is  g iven by equation (27) assum ing a c o e ff ic ie n t o f 
s o i l / f ib r e  f r ic t io n  of f  and an ambient norm a l s tre s s  le v e l
L7tdon f  = T . . . . . . ( 2 7 )
T ak ing  a ll o th e r th ings equal i t  fo llo w s  tha t the t ra n s it io n  from  bond to  te n s ile  
fa i lu re  is  a l in e a r  func tion  o f norm al s tre s s  le v e l and f ib re  le n g th . T h is  is  
con firm e d  by F ig u re  20 w h ich  shows the t ra n s it io n  fo r  the 40mm long  f ib re  o c c u r r in g  
at a norm al s tre s s  le v e l o f 1.7 K s f (91 kN /m  ) w ith  tha t of the 20mm long  f ib re  
o c c u r r in g  at 3*5  K sf (187 k N /m ^ ).
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A s im ila r  study was re p o rte d  by Verm a and C har (1978) who c a r r ie d  out a s e r ie s
o f t r ia x ia l  te s ts  using fin e  to  medium sand, d^Q = 0.18mm, and medium to
co a rse  sand, d,-~ = 0 .6m m , re in fo rc e d  w ith  m ild  s tee l f ib re s .  The f ib re s  w e re  bU
e ith e r  1mm w ide by 0.16mm th ic k  by 2mm long  o r  1mm w ide by 0.16mm th ic k  by 
5mm lo n g . A lthough up to  7% by volume of f ib re  was added th e re  was no 
m easurab le  in c re a se  in  s tre n g th . A lm ost c e r ta in ly  th is  is  due to  the la c k  of 
developm ent o f s o i l / f ib r e  bond s tre s s . T h is  is  not s u rp r is in g  s ince  as w e ll 
as being v e ry  sh o rt the f ib re s  a re  a lso  v e ry  n a rro w  when com pared to  the 
p a r t ic le  s ize  o f the sand em ployed. To some exten t th is  hypo thes is  is  borne  out 
by te s t re s u lts  re p o rte d  by Andersland and K ha ttak  (1979)* In  th is  s tudy use was 
made o f pu lp  f ib re s  w ith  a w e ighted leng th  of 1.6mm and a ty p ic a l d ia m e te r o f 0 .02m m , 
h ow eve r, the s o il employed was a K ao lin  c la y  w ith  93% f in e r  than 0.01mm and 42% 
f in e r  than 0.001mm. The f ib re s  and K a o lin ite  w e re  m ixed d ry  w ith  e ith e r  16% 
o r  40% of f ib re  by w e ig h t. The m ix tu re  was subsequently  s lu r r ie d  and co nso lid a ted  
to  fo rm  c y lin d r ic a l samples su itab le  fo r  t r ia x ia l  te s t in g . To  enhance the range  
o f the in v e s tig a tio n  samples of K a o lin ite  and f ib re  alone w ere  p re p a re d . T w o  
s e r ie s  o f tes ts  w ere  c a r r ie d  out nam ely co n so lid a te d -d ra in e d  t r ia x ia l  te s ts  and 
co nso lid a ted -u n d ra in e d  t r ia x ia l  te s ts  v /ith  p o re w a te r p re s s u re  . m easurem ent. In  
in te rp re t in g  the re s u lts  i t  was assumed that the app lied  co n fin in g  p re s s u re  re f le c te d  
the  tru e  co n fin in g  p re s s u re . T h is  le d  to  p rob lem s in  in te rp re t in g  the re s u lts  o f 
the co nso lid a ted -u n d ra in e d  tes ts  s ince the e ffe c tiv e  m in o r p r in c ip a l s tre s s  
appeared to  c lo s e ly  approach z e ro . U sing the norm a l fa i lu re  c r i te r io n  o f 
maximum s tre s s  d iffe re n c e  th is  leads to  an apparant angle o f in te rn a l sh e a rin g  
re s is ta n c e  o f 8 0 .4 °  fo r  the 100% f ib re  sam ple. In  v ie w  of th is  the re s u lts  w e re  
in te rp re te d  using  the maximum p r in ic ip a l s tre s s  ra t io  fa i lu re  c r i t e r io n .  T h is  
re s u lte d  in  a maximum apparent in te rn a l angle o f f r ic t io n  o f 3 9°• The re s u lts  fo r  
the two s e rie s  o f tes ts  a re  g iven in  F ig u re  21, as can be seen, in c re a s in g  q u a n titie s  
o f pu lp  f ib re  g iv e  r is e  to  in c re a s in g  s tre n g th , h ow eve r, th is  is  a ssoc ia te d  w ith  
in c re a s in g  d u c t i l i ty .
A most e n ligh ten ing  in ve s tig a tio n  was re p o rte d  by H oare (1979) who s tud ied  the 
e ffec ts  of f ib re  re in fo rcem e n t on s o il "c o m p a c ta b ility "  as w e ll as s tre n g th . The 
in v e s tig a tio n  was lim ite d  to  the use o f a sandy g ra v e l,  w ith  p a r t ic le  s ize s  in  the 
range 0.6mm to  5mm, re in fo rc e d  w ith  e ith e r  s tr ip s  o f p o ly p ro p y le n e /n y lo n  fa b r ic  
7mm wide by 66mm long o r  50mm long tw is te d  po lyp ro p y le ne  s ta p le . H oare  f i r s t  
c a r r ie d  out a s e rie s  o f com paction tes ts  using se ve ra l d if fe re n t com paction  p ro ce d u re s  
fo r  samples re in fo rc e d  w ith  e ith e r  fa b r ic  f ib re .O i* s ta p le . I t  was found tha t 
in c re a s in g  q u a n titie s  of f ib re  o r  stap le  causdd a l in e a r  in c re a s e  in  p o ro s ity  T o r a -  
g iven com paction method. In  o th e r w ords the a dd itio n  of random re in fo rc e m e n t
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in h ib its  e ffic ien t, com paction . T h is  in c re a se  in  p o ro s ity  was v e ry  m arked in  the 
fa b r ic  f ib re  re in fo rc e d  s o il w here  0.75% of re in fo rce m e n t caused p o ro s ity  to  
in c re a se  from  ty p ic a lly  40% to 50%. T h is  tendancy was fa r  le s s  severe  in  the 
s tap le  re in fo rc e d  s o il where a s im ila r  quan tity  o f re in fo rce m e n t in vo lved  an in c re a se  
in  p o ro s ity  from  a pp rox im a te ly  36% to  38%. When samples o f the re in fo rc e d  
m a te r ia l were tes ted  in  the t r ia x ia l  appara tus the fa b r ic  f ib re  re in fo rc e d  s o il 
showed a d is t in c t decrease in  s tre ng th  w ith  in c re a s in g  f ib re  co n te n t. T h is  is  
not s u rp r is in g  s ince in  an u n re in fo rc e d  g ra n u la r s o il the s tre n g th , re p re se n te d  
by the in te rn a l angle o f shea ring  re s is ta n c e , decreases ra p id ly  w ith  in c re a s in g  
p o ro s ity .  F ro m  th is  i t  fo llo w s  tha t the h igh p o ro s ity ,  and hence in h e re n t 
weakness , im posed by the re s is ta n ce  o f the re in fo rc e d  s o il to  com paction  is  not 
co u n te r-a c te d  o r  surpassed by any s treng then ing  e ffe c t of the  fa b r ic  f ib re s  when 
sub jected  to  shear in  the t r ia x ia l  te s t .  C o n ve rse ly  the stap le  re in fo rc e d  s o i l ,  
w h ich  was o n ly  s lig h t ly  re s is ta n t to  com paction , showed a reasonab le  in c re a s e  in  
s tre ng th  w ith  in c re a s in g  s tap le  co n te n t. The re la t io n s h ip  was s u b s ta n tia lly  
l in e a r  and a lthough the gain in  s tre ng th  was dependent on com paction  method th e re  
was ty p ic a l ly  an in c re a se  in  apparent angle o f sh ea ring  re s is ta n c e  o f 2 °  to  3 °  fo r  
the a dd ition  o f 1% by w eight o f s ta p le . A ga in  i t  was found tha t in c re a s in g  
re in fo rce m e n t content re s u lte d  in  in c re a se d  s tra in  to  fa i lu re  .
1 .6  TH E  L IM IT A T IO N S  OF LABO R ATO R Y S T U D IE S
Withone excep tion  the la b o ra to ry  and th e o re tic a l s tud ies  re p o r te d  have in d ic a te d  
tha t the add itio n  o f re in fo rcem e n t to  s o il re s u lts  in  enhanced s tre n g th . The 
mechanism of the s treng th  in c re a se  can be expressed  e ith e r  as a pseudo cohes ion  , 
in  the case o f te n s ile  fa i lu re  o f the re in fo rc e m e n t, o r  as an apparen t in c re a s e  in  the 
in te rn a l angle o f shea ring  re s is ta n ce  when bond fa i lu re  p re v a ils .  M ore re a l is t ic a l ly  
both o f these modes o f fa i lu re  can be exp la ined  by an enhanced in te rn a l co n fin in g  
p re s s u re . What must be borne in  mind is  tha t most o f the e xpe rim en ta l w o rk  
re p o rte d  has been c a r r ie d  out under a x i-s y m m e tr ic  s tre s s  co n d itio n s  w ith  e ffe c t iv e ly  
continuous sheet re in fo rcem e n t whereas under f ie ld  co nd itio n s  most re in fo rc e d  e a rth  
s tru c tu re s , such as w a lls  and embankments, a re  l ik e ly  to  be s tre sse d  unde r p lane 
s tra in  cond itions  and be re in fo rc e d  w ith  much lo w e r percen tages of re in fo rc e m e n t 
u s u a lly  in  the form  of s t r ip s ,  ra th e r than sheets . When th is  d ive rge n ce  fro m  the 
la b o ra to ry  in v e s tig a tio n  cond itions  is  compounded by the e ffe c ts  of the c o n s tru c t io n  
p ro c e s s , any resem blance ... between la b o ra to ry  and p ro to typ e  p e rfo rm an ce  
is  l ik e ly  to  be co in c id e n ta l ra th e r  than m e ch an is tic .
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2 ,0  TH E  A P P L IC A T IO N  OF R E IN F O R C E D  E AR TH
R e in fo rce d  e a rth  e xh ib its  a v e rs a t i l i t y  tha t is  on p a r w ith  re in fo rc e d  c o n c re te .
In  e a r ly  p u b lica tio n s  V id a l (1966, 1969b) advocated the use o f re in fo rc e d  e a rth  
o v e r a w ide spectrum  o f s tru c tu re s  in c lu d in g  a rc h e s , tunne ls  and dams as w e ll 
as in  v a rio u s  fo rm s of e a rth  re ta in in g  s tru c tu re s .  B e fo re  c o n s id e rin g  such 
a p p lica tio n s  in  m ore d e ta il i t  is  necessa ry  to  move from  the somewhat e s o te r ic  
m odels used fo r  m echan is tic  s tud ies to  a m ore a p p ro p ria te  fo rm  o f re in fo rc e d  
e a r th . In sp e c tio n  o f F ig u re  22 shows the th re e  m ain component p a r ts  o f a re in fo rc e d  
e a rth  f i l l ,  nam ely e a rth  f i l l ,  w h ich is  g e n e ra lly  a se lec ted  g ra n u la r  f i l l ,  
re in fo rce m e n t w h ich  is  generally in  the fo rm  o f m e ta llic  s tr ip s  and f in a lly ,  some fo rm  
o f segm ental fac ing  un it w h ich  is  fix e d  to  one end o f the re in fo rc in g  s t r ip s .  The 
fac ing  un it is  not a v ita l component h ow eve r, i t  is  nece ssa ry  to  p re ve n t s u rfa ce  
e ro s io n  and to  g ive  an a e s th e tic a lly  acceptab le  e x te rn a l appearance . These 
th re e  components may be combined to g e th e r in  many fo rm s , fo r  exam ple , re fe re n c e  
to  F ig u re  23 shows a s im ple re ta in in g  w a ll in  w h ich  the re in fo rc e d  e a rth  mass 
acts as a g ra v ity  w a ll.
Model tes ts  on a rches and tunne ls have g iven v e ry  encourag ing  re s u lts .  F ig u re  
24 shows a p la n e -s tra in  model of an a rch  used in  an in v e s tig a tio n  by B ehn ia  (1972, 
1973)* Each v o u s s o ir  of the a rch  is  form ed by a fa c in g  u n it,  a c tin g  as an a rc h  
l in in g ,  and tw o s tr ip s  of re in fo rcem e n t ru nn ing  back in to  the f i l l .  The p la n e -s tra in  
e ffe c t was achieved using sm all d iam ete r c y l in d r ic a l m etal ro d s  to  model the s o i l ,  
S chneebe li (1957), in  th is  m anner the " s o i l "  is  re s tr ic te d  to  tw o -d im e n s io n a l 
movement w ith  no s tra in  o c c u rr in g  a long the leng th  o f each c y lin d e r .  S ucce ss fu l 
th re e  d im ensiona l models o f tunne ls have been dem onstra ted by V id a l ( lo c . c i t ) .
In  th is  case the vo u sso irs  fo rm  a com plete r in g  a round a te m p o ra ry  c y l in d r ic a l 
l in e r .  Once sand b a c k f il l is  p laced  around the fac ing  un its  and re in fo rc in g  s t r ip s  
the l in e r  is  rem oved so lea v ing  the fac ing  u n its  supported  by the re in fo rc in g  s t r ip s  
embedded in  the su rro u nd in g  s o il.  To date th e re  has been no re c o rd  o f any 
p ro to type  a rches o r  tunne ls how eve r, i t  is  obvious tha t such tench iques w ou ld  be 
lim ite d  to  "c u t and c o v e r"  c o n s tru c tio n  m ethods.
A no th e r in tr ig u in g  model was tha t o f a re in fo rc e d  e a rth  beam, V id a l (1969b); 
th is  cons ited  of a c y lin d e r  of c a r tr id g e  p ap e r, app ro x im a te ly  50mm in  d ia m e te r, 
re in fo rc e d  w ith  a s p ira l o f common o r  garden tra n s p a re n t sea ling  tap e . The p a p e r 
c y lin d e r  was f i l le d  w ith  sand and then set upon suppo rts  a pp ro x im a te ly  300mm a p a r t.
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S u rp r is in g ly  th is  f lim s y  s tru c tu re  adequate ly supported  the w e ight o f a man.
A ga in  th e re  is  no re c o rd  o f a p ro to type  c o n s tru c tio n .
A lthough the tw o a pp lica tio ns  c ite d  above a re  v e ry  em bryon ic the y  should not be 
d iscoun ted . S uch  p o s s ib il it ie s  have been b rough t to  f ru it io n  in  the U n ited  S tates 
o f America w here re in fo rc e d  s o il b rid ge s  , us ing p r in c ip le s  s im ila r  to  V id a l's  
have been co n s tru c te d  w ith  in d iv id u a l spans up to  15m, W atkins (1973).
M ore commmon a pp lica tio ns  of re in fo rc e d  e a rth  a re  in  the fo rm  o f w a lls ,  h o w e ve r, 
be fo re  e x p lo r in g  th is  aspect in  d e ta il,  i t  is  w o rth w h ile  c o n s id e rin g  o th e r p ra c t ic a l 
uses tha t have e ith e r  been app lied  o r  a re  the sub ject o f c u rre n t re s e a rc h .
2.1 GROUND SLABS
A most o r ig in a l a p p lica tio n  of re in fo rc e d  e a rth  was made on s ta te  ro u te  SR200 
n ea r N o rr is to w n , P en n sy lva n ia , S te in e r (1975)* A lo c a l rea lig nm en t o f SR200 
had been planned how eve r, d u ring  v e ry  wet w ea the r in  January 1970 a ho le  some 
4m w ide and 4m deep appeared in  the e x is tin g  SR200. D esp ite  the execu tion  
o f s ta n d a rd  rem e d ia l w o rks  the s ize  of the hole in c re a se d  d u r in g  success ive  ra in y  
p e rio d s  u n til O ctober 1970, the o r ig in a l hole  was some 23m in  d ia m e te r and a p p a re n tly  
b o ttom less . Subsequent s ite  in v e s tig a tio n  re ve a le d  tha t su rfa ce  ,and s u b -s u rfa c e  
w a te r had e roded c la y  seams s u p p o rtin g  the bad ly  w eathered d o lo m itic  lim es to ne  
fo rm a tio n . S im ila r  cond itions  conducive to  s inkho le  co lla pse  w ere  found a long 
the ro u te  o f the proposed re a lig nm en t. To s ta b il iz e  the fo rm a tion  i t  was in i t ia l ly  
p roposed to  c o n tru c t a tw o -w a y  re in fo rc e d  concrete slab under the p roposed  h ig h ­
way embankment. The slab  designed was 0.9m  th ic k ,  46m w ide and seme 336m lon g  
w ith  a c a p a b ility  o f spanning a 15m d iam ete r c a v ity  w ithou t s ig n if ic a n t d e fle c t io n . 
B e fo re  f in a lis in g  a design the h ighway a u th o r ity  approached the R e in fo rc e d  E a r th  
Company who developed a tw o -w ay  re in fo rc e d  e a rth  s lab  com parab le  to  the conci^ete 
s lab  yet some 25% cheape r.
The slab was co n s tru c te d  in  the fo rm  of a low  wra ll a pp ro x im a te ly  one m e tre  h igh  
w ith  e llip tica l s tee l fac ing  un its  fo rm ing  the p e r im e te r o f the s la b , F ig u re  25 . 
R e in fo rc ing  s tr ip s  w ere  spaced at 127mm h o r iz o n ta l ce n tre s  in  v a r io u s  le n g th s  and 
w ere  bo lted  e n d -to -e nd  u n til the w id th  o f the s lab  was co ve re d . A 300mm la y e r  o f 
se lected  g ra n u la r  b a c k f il l was p laced o v e r the s tr ip s  whence a tra n s v e rs e  la y e r  o f 
s tr ip s  was p laced . In  a l l ,  two tra n s v e rs e  and tw o  lo n g itu d in a l la y e rs  o f s te e l were 
p laced , F ig u re .25. A lthough the re in fo rc e d  ea rth  slab was designed -to span 
cava ties  up to  15m in  d iam ete r i t  was decided to  g ro u t the lim es tone  fo rm a tio n  to  , _ 
m in im ise the p o s s ib il ity  o f a fu r th e r  o c c u rre n c e .
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2 .2 .  DAMS
The f i r s t  re in fo rc e d  e a rth  dam co n s tru c te d  was a 9m h igh  p ro to typ e  in  the B im es 
V a lle y  w h ich  is  s itua ted  in  the south o f F ra n c e , T a y lo r  8c D rio u x  (1979), C a ssa rd  
et a l (1979)* As may be seen from  the ty p ic a l c ro ss -se c tio n  in  F ig u re  26 the dam. was 
co n s tru c te d  w ith  a v e r t ic a l dow nstream  face form ed w ith  in te r lo c k in g  p re c a s t c o n c re te  
fac ing  u n its . R e in fo rc in g  s tr ip s  w ith  a leng th  equal to  80% o f the he igh t o f the dam 
w ere  connected to  the fac ing  un its  and ra n  back in to  the main e a rth  f i l l  w h ich  h a s  
an upstream  b a tte r  o f 1:2. The upstream  slope was sealed w ith  a b itum en 
im pregnated  non-w oven fa b r ic .  The c re s t o f the dam, w h ich  has a w id th  equal to  
20% o f the dam h e ig h t, is  depressed o v e r the c e n tra l section  o f the dam and capped 
w ith  a co nc re te  s i l l .  B y th is  means the dam fun c tio ns  l ik e  a w e ir  w ith  the s i l l  
ac ting  both as s p illw a y  and o v e rflo w  channel when ove rto p p ing  is  a llo w e d  to  o c c u r , 
C o n s tru c tio n  of the dam , w hich con ta ins  2500n^of f i l l ,  was com pleted in  seven w eeks. 
A s im ila r ,  but s lig h t ly  sm a lle r s tru c tu re  has been co n s tru c te d  w ith  non-w oven 
fa b r ic  fac ing  u n its , K e rn  (1977).
The success o f the Bimes dam has invoked  the C lie n t to  p lan the c o n s tru c tio n  o f a 
much la rg e r  re in fo rc e d  e a rth  dam at E s te lle .  T h is  s tru c tu re  w h ich  w i l l  have a 
maximum he igh t o f 2 9 .5m, F ig u re  27, w i l l  be o f co n ve n tio n a l design  in  the  upstream  
slope w h ich  w i l l  in c o rp o ra te  norm a l im p e rv io u s  and f i l t e r  zones.
2 .3  F O U N D A T IO N S
R e in fo rce d  e a rth  foundations have been a r b i t r a r i ly  d if fe re n tia te d  from  re in fo rc e d  
e a rth  s labs by the fac t tha t they a re  in tended to  suppo rt loaded a reas  tha t a re  sm a ll 
in  com parison  to  the re in fo rc e d  p lan a re a . In  com parison  to  w a lls  v e ry  l i t t le  
re s e a rc h  and even le ss  c o n s tru c tio n  has been c a r r ie d  o u t. T h is  s itu a tio n  may 
re f le c t  the p o s s ib il ity  tha t re in fo rc e d  e a rth  foundations a re  not e con o m ica lly  v ia b le  
when com pared to  o th e r modern p rocesses such as lime p ile s  o r  v ib ro f lo ta t io n .  A ls o  
when used in  the context of a ra f t  re in fo rc e d  e a rth  may not e x h ib it the degree  o f 
r ig id i t y  re q u ire d  to  l im it  d if fe re n t ia l se ttlem en t.
S eve ra l la b o ra to ry  and a n a ly tic a l in v e s tig a tio n s  have been c a r r ie d  out w ith  poss ib ly  
1hemost com prehensive  being due to  B inquet and Lee (1975a, 1975b). In  the 
f i r s t  phase of the in ve s tig a tio n  some 65 model foo tin g  tes ts  w ere  executed in  a sand 
f i l le d  box 1500mm lo n g , 510mm wide and 330min deep us ing  a r ig id  s t r ip  fo o tin g  76mm 
wide p laced a cross  the w id th  o f the box. The e ffe c ts  of s o il re in fo rc e m e n t w e re  
in ve s tig a te d  using  th ree  geo log ica l fo rm a tions  mode Lied in  the box.
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a) Homogeneous deep sand. -  model A
b) Sand above ex tens ive  la y e r  o f co m p re ss ib le  m a te r ia l s im u la tin g  
so ft c la y  o r  pea t. -  model B
c ) Sand above f in ite  s ize  pocket o f v e ry  com pre ss ib le  m a te r ia l 
s im u la ting  lens o f o rg an ic  s o il o r  cavernous ro c k . -  model C .
The ex tens ive  la y e r  o f com press ib le  m a te r ia l was m odelled w ith  a bed of foam ru b b e r
57mm th ic k  p laced n ea r the bottom of the box. S im ila r ly  the lens  o r  ca ve rn  was
m odelled w ith  a p iece cf foam ru b b e r 150mm w ide and 50mm th ic k  p laced  c e n tra lly
beneath the .m odel fo o tin g . The de fo rm a tion  modulus o f the co m p re ss ib le  and v e ry
2 2com press ib le  m a te r ia l was 124 kN /m  . and 5 kN /m  re s p e c tiv e ly  com pared to  
2100 kN /m ^ for. the sand a lone .
R e in fo rcem ent was in  the fo rm  of 13 m ic ron  th ic k  a lum inium  fo i l  s t r ip s  13mm w ide  
p laced  in  la y e rs  w ith  a constant v e r t ic a l spacing o f 25mm. Each la y e r  was re in fo rc e d  
w ith  17 s t r ip s ,  each 1.5m lo n g , thus occupying  some 42% of the p lan a rea  of the 
box . The v a r ia b le s  in ve s tig a te d  w ere  the d is tance  d between the bottom  o f the 
model foo tin g  and the top la y e r  of re in fo rce m e n t as w e ll as the num ber o f la y e rs  o f 
re in fo rce m e n t w h ich  w ere  in s ta lle d  w ith  a constant v e r t ic a l sp ac ing . F o r  each 
o f the th re e  bas ic  models datum te s ts  w ere  c a r r ie d  out w ith  no re in fo rc e m e n t to  
de te rm ine  the conven tiona l u ltim a te  b ea rin g  ca p a c ity  qQ. B y  th is  means the 
u ltim a te  b e a rin g  ca pa c ity  of the re in fo rc e d  m odel, q , cou ld  be re p re s e n te d  by a 
bea ring  ca p a c ity  ra t io  fa c to r  q /q o * S im ila r ly  the depth to  the  top la y e r  o f 
re in fo rc e m e n t, d , is  expressed  as a depth ra t io ,  d /B ,  w here  B is  the w id th  o f the 
fo o tin g . ' The e ffe c ts  of depth ra t io ,  fo r  model A , a re  re p ro du ce d  in  F ig u re  28a 
w h ich  shows a maximum b ea ring  ca pa c ity  ra t io  o c c u rr in g  at a depth ra t io  o f 1 .33  fc r  
a range of va lues of settlem ent ra t io  & /B .  As can be seen the re in fo rc in g  e ffe c t 
is  m ore pronounced at low  settlem ent ra t io s .  The e ffec t of in c re a s in g  the num ber o f 
la y e rs  o f re in fo rce m e n t is  shown in  F ig u re  28b w here  an a lm ost l in e a r  in c re a s e  in  
b ea rin g  ca p a c ity  ra t io  o ccu rs  fo r  up to  s ix  la y e rs  o f re in fo rc e m e n t. Above th is  
the im provem ent appears to  ta i l - o f f .  I t  is  in te re s t in g  to  note tha t f o r  model A 
th is  re la tio n sh ip *  seems to be a lm ost independent o f the se ttlem ent r a t io .  C o n v e rs e ly  
the re s u lts  fo r  model B , F ig u re  28c, show a m arked dependence on se ttlem en t r a t io .
T h is  tendancy is  even more pronounced fo r  the model C re s u lts ,  F ig u re  28d , w he re  
alm ost no im provem ent in  bea ring  ca pa c ity  ra t io  is  m easured i f  le ss  than fo u r  la y e rs  . 
o f re in fo rcem e n t a re  used. In  the co u rse  of an a n a ly tic a l s tu d y , B inque t & Lee (1975b),
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concluded tha t tw o d is t in c t zones w ere  fo rm ed in  the s o il beneath the fou n da tio n .
In  the f i r s t  zone , w h ich  e x is ts  d ire c t ly  beneath the foo ting  the loaded s o il moves 
v e r t ic a l ly  dow nw ards w h ils t outs ide  the foo ting  th e re  a re  sym m etrica l zones w h ich  
tend to  move la te r a l ly  ou tw ards and upw ards , the fun c tio n  of an e ffe c tiv e  . . . .  
re in fo rce m e n t being to  hold  these tw o  zones to g e th e r. A s im ila r  o b se rva tio n  
was made by Kheang (1972) and re p o rte d  by S ch lo sse r and Long (1974) w ith  fu r th e r  
stud ies re p o rte d  by S te fan i and Long (1979a, 1979b).
Yamanouchi (1970) and Yang ( lo c . c i t )  have a lso  re p o r te d  enhanced b e a rin g  c a p a c ity  
se ttlem ent c h a ra c te r is t ic s  in  re in fo rc e d  s o i l .  B oth  o f these in v e s tig a to rs  em ployed 
a s ing le  la y e r  o f continuous mesh re in fo rce m e n t w ith  Yam anouchi in v e s tig a tin g  the 
re in fo rc in g  e ffe c ts  on so ft c la y  and Yang the e ffe c t on sand. A s in g le  la y e r  o f 
re in fo rce m e n t was a lso  employed in  an in v e s tig a tio n  c a r r ie d  out by A nd raw es et 
a l (1978) , h ow eve r, th is  study a lso  in ve s tig a te d  the e ffe c ts  c f re in fo rc e m e n t 
s tif fn e s s  as w e ll as roughness. T y p ic a l re s u lts  a re  g iven in  F ig u re  29 fo r  rough  
s te e l,  smooth s tee l and T140 w h ich  is  a non-w oven fa b r ic .  S e v e ra l in te re s t in g  
fe a tu re s  a r is e  from  th is  in v e s tig a tio n . F i r s t ly  the  observed  v a r ia t io n  between 
bea rin g  c a p a c ity  ra t io  and depth ra t io  is  s im ila r  to  tha t re p o rte d  by B inque t and 
Lee ( lo c .c i t ) ,  how ever the maximum b ea rin g  ca p a c ity  ra t io  o ccu rs  at a depth ra t io  o f 
0 .4 ,  F ig u re  29, as opposed to  1 .3  , F ig u re  28. T h is  may be due to  the  use o f 
continuous sheet re in fo rcem e n t ra th e r than a s e rie s  o f d is c re te  s t r ip s .  S eco n d ly , 
at depth ra t io s  between 0 .8  and 1 .8  the smooth s tee l is  found to  g ive  a reduced  
b e a rin g  ca p a c ity  r a t io .  T h is  weakening e ffe c t is  a ttr ib u te d  to  re in fo rc e m e n t With 
inadequate in te r fa c e  f r ic t io n  p ro p e r t ie s  having  an o r ie n ta tio n  a long o r  v e ry  c lo s e  
to  the fa i lu re  lin e s  in  the s o il.  A s im ila r  v ie w  has been exp ressed  by B a sse tt and 
Last (1978) who advocate the use of d is c re te  re in fo rce m e n ts  in s ta lle d  at v a r io u s  
in c lin a tio n s , F ig u re  30. T h is  system w h ich  is  id e n tic a l to  the re t ic u la te d  ro o t p i le ,  
o r  P a li R adice system p ioneered  in  I t a ly ,  O ria n i (1971), B a rto s  (1979), L i z z i and 
C arneva le  (1979) has the g rea t advantage tha t i t  can be in s ta lle d  beneath new , 
o r  e x is tin g  founda tions , w ithou t need fo r  excava tio n .
2 .4  EM BANKM ENTS
The p o te n tia l saving in  the use of re in fo rcem e n t in  embankments is  eno rm ous. F o r  
example in  a 10m high embankment w ith  s ide  s lopes steepened from  1:2 to  1:1 a 
saving of £1000 p e r m etre  run  has been es tim a ted , Sims & Jones (1979)* 
R e in forcem ent may be added to embankments to  p e rfo rm  one, o r  a l l ,  o f th re e  
main fu n c tio n s , F ig u re  31:
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a) S u p e rf ic ia l slope re in fo rcem e n t and edge s tiffe n in g
b) M a jo r slope re in fo rcem e n t in v o lv in g  re in fo rce m e n t o f the main body
of the  embankment.
c) R e in forcem ent o f weak embankment fo u n d a tio n s .
The use of s u p e r f ic ia l slope re in fo rcem e n t was p ioneered  by the Japanese,
Yam anouchi (1975) and p a r t ic u la r ly  the R a ilw ay  T e ch n ica l R esearch  In s t itu te  of 
Japanese N a tiona l R a ilw ays.'* R e in forcem ent used by the Japanese is  g e n e ra lly  in  
the fo rm  o f sh o rt leng ths of N e tlon , a p o ly o le fin  n e t, p laced in  h o r iz o n ta l la y e rs  
n e a r the face of the s lo p e , F ig u re  31a. Such re in fo rce m e n t g ives re s is ta n c e  to  
su rface  e ro s io n  and se ism ic shock as w e ll as p e rm itt in g  heavy com paction  p lan t 
c lose  to  the shou lde r of the embankment, so e ffe c tin g  good com apction  in  th is  
se n s itive  a re a , Iw a s a k i and Wakanabe (1978).
S im ila r  techn iques have been employed in  the U n ited  K ingdom , D a lton  (1977a,
1977b) and U n ited  S tates of A m erica  w here  redundant c a r  ty re s  have been used as 
re in fo rc e m e n t. T h is  is  achieved by s lic in g  each ty re ,  in ' i ts  p la ne , to g ive  tw o  
r in g s ,  these r in g s  a re  then jo ined  by me;tal fa s te n e rs  to  g ive a cha in  m a il e ffe c t, 
F o rs y th  (1978).
R e in fo rcem en t of the main body of the embankment, F ig u re  31b, has p roduced  m ixed 
re s u lts .  A reasonab le  degree of success has been achieved by the Japanese, aga in  
us ing  p o ly o le fin  n e t, to  im prove  se ism ic  s ta b i l i ty ,  Uezawa and Nasu (1973) and s ta tic  
s ta b il i ty  , Iw a s a k i and Wakanabe ( lo c .c i t ) .  In  the la t te r  case the enhanced re s is ta n c e  
aga inst la te ra l spread of the embankment d u r in g  com paction  gave a n e a r ly  te n fo ld  
in c re a se  in  the s tandard  pene tra tion  re s is ta n c e  o f the m a te r ia l o f the  em bankm ent.
R e in fo rcem ent at the em bankm ent/foundation in te r fa c e  has re s u lte d  in  m in o r 
im provem ents in -s ta b il i ty .  B e llo n i and Sem benelli (1977) m on ito red  the c o n s tru c tio n  
of tw o  embankments on deep peat d e p o s its . The f i r s t  embankment was re in fo rc e d  
w ith  a s ing le  la y e r  of non-woven fa b r ic  w ith  an u ltim a te  te n s ile  s tre n g th  o f l8 .6 k N /m  
and ra is e d  su c c e s s fu lly  to  a height o f 1 .75m . An id e n tic a l u n re in fo rc e d  
embankment fa ile d  on reach ing  80% o f th is  h e ig h t. S im ila r  re s u lts  w e re  obta ined 
by Volman et a l (1977)who m onitored c o n s tru c tio n  o f two id e n tic a l embankments o v e r 
a deposit o f so ft s i l t  and peat. One embankment was re in fo rc e d  w ith  a s in g le  la y e r  
of woven nylon fab ric , w ith  an u ltim a te  te n s ile  s tre n g th  of 60kN /m  and ra is e d  to  a 
height of 4 .5m  be fo re  in s ta b il i ty  set in .  The u n re in fo rc e d  embankment became unstab le
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at a he igh t o f a pp rox im a te ly  3 .5 m . Somewhat p o o re r pe rfo rm ance  was obse rved  by 
B e ll et a l (1977) d u ring  the c o n s tru c tio n  of a 1.5m h igh haul road  embankment 
o v e r muskeg i . e .p e a t .  The fa b r ic  was a h ig h ly  ex tens ib le  non-w oven needle 
punched m a te r ia l w ith  an u ltim a te  te n s ile  s tre ng th  o f 13 kN /m  a tta ined  at an a x ia l 
s tra in  o f 100% to  200%. A lthough the fa b r ic  acted as a se pa ra tin g  la y e r  i t  had 
no e ffe c t on o v e ra ll s ta b il ity  but d id  reduce  lo c a lis e d  b ea ring  ca p a c ity  fa i lu re s  
in  the m uskeg. The in v e s tig a to rs  concluded tha t the fa b r ic  was fa r  too  
e x te n s ib le  to  genera te  any use fu l s ta b il is in g  fo rc e .  An a n a ly tic a l s tudy by 
Maagdenberg (1977) a lso  advocated the use of a s t i f f e r  fa b r ic  capab le  o f 
gene ra ting  i ts  p o te n tia l re s to r in g  fo rc e  at lo w e r le v e ls  o f induced d e fo rm a tio n .
P ub lished  a p p lica tio n s  of embankment foundation  re in fo rce m e n t g e n e ra lly  in v o lv e  
co m p a ra tive ly  su bs ta n tia l m easures. Both Uesawa and Nasu ( lo c . c i t )  and. Wager 
and H o ltz  (1976) have used sha llow  continuous sheet p ile  w a lls  in s ta lle d  at each toe 
of the embankment w ith  connecting  t ie  ro d s  ru nn ing  beneath the base o f the 
embankment, F ig u re  31c. H o ltz  and M assarch  (1976) have c le v e r ly  com bined t im b e r 
p ile s  and fa b r ic  re in fo rc e d  e a rth  to  s im ila r  e ffe c t.  An a lte rn a tiv e  method 
in v o lv in g  the co n s tru c tio n  of a re in fo rc e d  e a rth  base slab has a lre a d y  been c ite d , 
S te in e r ( lo c .c i t ) .
V a r io u s  methods of a na lys is  have been p roposed , how eve r, these m a in ly  in v o lv e  
an adapta tion  o f s lip  c ir c le  a na lys is  w ith  the re in fo rce m e n t m odelled  as a 
cohesive  la y e r ,  V o lm an. et a l ( lo c .c i t ) ,  o r  an equ iva len t te n s ile  fo rc e  deve lop ing  
an a dd itio n a l re s to r in g  moment Phan et a l (1979), C h r is t ie  and E l H adi (1977)- 
In  execu ting  these analyses the re in fo rce m e n t is  in v a r ia b ly  assumed to  be a rra n g e d  
in  h o r iz o n ta l la y e rs .  T h is  c o n fig u ra tio n  is  em inen tly  su ited  to  s tan d a rd  embankment 
co n s tru c tio n  techn iques where the f i l l  is  a lso  p laced in  h o r iz o n ta l la y e rs .  H o w e ve r, 
i t  must be rem em bered tha t the re in fo rce m e n t should be in s ta lle d  to  e f f ic ie n t ly  re s is t  
tension and as such needs to  be o r ie n te d  a long o r  c lose  to  the lin e s  o f p r in c ip a l 
te n s ile  s t ra in ,  B asse tt and Last ( lo c .c i t ) .  T h is  a sse rtio n  has been bo rne  out 
by la b o ra to ry  tes ts  re p o rte d  by S na ith  et a l (1979) and McGown et a l (1978). In  
the la t te r  in v e s tig a tio n  p la n e -s tra in  te s ts  w ere  c a r r ie d  out on c u b ic a l sam ples 
o f Leighton B u z z a rd  sand re in fo rc e d  w ith  a s ing le  sheet of e ith e r  non-w oven  fa b r ic  
o r  a lum inium  fo i l .  I n i t ia l  tes ts  w ere  c a r r ie d  out w ith  the re in fo rc e m e n t in  a 
h o r iz o n ta l plane and thus along the ax is  o f p r in c ip a l te n s ile  s t ra in .  A t th is  
o r ie n ta tio n  the fa b r ic  was found to  im p a rt a co n s id e ra b le  in c re a s e  in  s tre n g th  as 
re fle c te d  by the maximum p r in c ip a l s tre s s  ra t io .  . H ow ever as o r ie n ta t io n  o f the 
fa b r ic  was changed in  subsequent tes ts  i t  was found tha t the fa b r ic  a c tu a lly  invokexl
a decrease  in  s tre n g th , F ig u re  32. T h is  decrease  was most ev iden t when the 
re in fo rce m e n t was c lose  to  o r  co inc ided  w ith  the p ro sp e c tive  fa i lu re  plane in  
the sand. The decrease in  s tre n g th  is  la rg e ly  a ttr ib tu e d  to  the angle  o f bond 
s tre s s  between the re in fo rcem e n t and the sand being le ss  than the in te rn a l 
angle o f shea ring  re s is ta n ce  of the sand alone thus c re a tin g  a p lane o f w eakness.
These fin d in g s  a re  o f s ig n ifica n ce  to  the d es igne r of e x te n s ive ly  re in fo rc e d  
embankments. S tud ies c a r r ie d  out by B asse tt and H o rn e r (1977), Jones and 
E dw ards (1975) and re p o rte d  by S im s and Jones ( lo c .c i t )  show tha t w h ils t  
p r in c ip a l te n s ile  s tra in  d ire c tio n s  a re  s u b s ta n tia lly  h o r iz o n ta l in  the main body 
of an embankment they tend to  fan -o u t about the toe of the embankment in  the 
embankment founda tion , F ig u re  33a. As a c o ro l la ry  to  th is  p o te n tia l fa i lu re  
su rfaces  a lso  e xh ib it h o r iz o n ta l sec tions in  the embankment founda tion , F ig u re  
33b. I t  fo llo w s  tha t i f  h o r iz o n ta l re in fo rce m e n t is  b lin d ly  a p p lie d , e s p e c ia lly  
in  the embankment foundation  i t  cou ld  w e ll in d uce , ra th e r  than p re v e n t, a 
p o te n tia l fa i lu re .
2 .5  WALLS
Of a ll the a pp lica tio ns  of re in fo rc e d  e a rth  cons ide red  w a lls ,  in  one fo rm  o r  a n o th e r, 
co n s titu te  the la rg e s t p o r t io n . A t the end of 1978 the R e in fo rce d  E a r th  
Company had com pleted in  excess o f tw o thousand p ro je c ts  in v o lv in g  1 .3  m illio n  
square  m etres o f fa c in g , M c K it t r ic k  and D a rb in  (1979)- These a p p lic a tio n s  have 
been e x trem e ly  d iv e rs e  rang ing  from  e a rthquake  re s is ta n t bund w a lls  at an A la skan  
o il te rm in a l, M c K it t r ic k  and W ojc iechow ski (1979) to  b la s t-p ro o f n u c le a r re a c to r  
con ta inm ents , Reddy et a l (1979)- One o f the most nove l a p p lic a tio n s  is  A rc h ite r ra  
o r  re in fo rc e d  e a rth  houses, L e v isa lle s  (1979)* These d w e llin g s  a re  c o n s tru c te d ’ 
on te r ra c e d  mounds w ith  a re in fo rc e d  e a rth  w a ll,  fo rm in g  a quadran t in  p la n , 
a c tin g  as the backwaLl o f the d w e llin g  as w e ll as a re ta in in g  w a ll f o r  the te rra c e  
above i t ,  F ig u re  34. The fro n t o f :each un it is  fu rn ish e d  w ith  a p a tio  d oo r 
lea d in g  to  a garden w h ich  is  form ed by the ro o f of the u n it be low .
More mundane a p p l i c a t ions  include  the c o n s t r u c t i o n  of c r u s h e r  uni t  t i p - w a l l s  and  
s i m i l a r  a n c illa ry  w orks  involved  in the mining i n d u s t r y ,  Smith ( 1 9 7 9 ) ,  t o g e t h e r  
with bulk s t o r a g e  and handl ing  .units such  as  t h o se  c o n s t r u c t e d  f o r  the  D u n k e r q u e  
H a r b o u r  Au tho r i ty  and U s ino r  d r  F r a n c e ,  F i g u r e  35* The bulk s t o r a g e  and hand l ing  
app l i ca t ion  has  been much improved  with the g r a v i t y  feed  s lo t  in n o va tio n  now 
' u s e d  in the United S t a t e s  of A m e r ic a  fo r  coa l  s t o r a g e ,  F i g u r e  36. T h e s e  
s t r u c t u r e s  a r e  formed from long V - s h a p e d  t renches ,  having s lop ing  s id e  w a l l s  a n d  _ 
a  m echan ica l  r e c l a im  sys tem at the b a s e  of the s lo t .  The  s id e  w a l l s  a r e  fo rm ed
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by new ly  developed re in fo rc e d  concre te  fac ing  panels w h ich  can be p re ca s t 
at any ang le , ty p ic a l ly  between 45° and 7 5 ° , M c K it t r ic k  and D a rb in  ( lo c .c i t ) .  
Amongst these in d u s tr ia l s tru c tu re s  must be counted the re in fo rc e d  e a rth  w a ll 
to  the  ro c k -c ru s h in g  p lan t at T a rb e la  dam, th is  s tru c tu re  to w e r in g  an 
in c re d ib le  26m h ig h , P r ic e  (1975).
Reasonable success has been achieved in  the c o n s tru c tio n  o f m a rine  w o rks  h ow eve r, 
c o n s tru c tio n  is  ham pered i f  c a r r ie d  out in  deep w a te r . In  t id a l w a te r c o n s tru c tio n  
g e n e ra lly  fo llo w s  the sequence of e re c tin g  one l i f t  of fa c in g  u n its  fo llo w e d  by end 
tip p in g  of f i l l  so fo rm ing  a causeway fo r  c o n s tru c tio n  p lant . W ith s tru c tu re s  
in  t id a l w a te r co n s id e ra tio n  must be g iven to  the p o s s ib il ity  o f m ig ra tio n  of fin e s  
caused by the flu c tu a tin g  w a te r le v e l.  T h is  p rob lem  is  overcom e s im p ly  by 
app ly ing  a f le x ib le  sealant o r  a su itab le  f i l t e r  fa b r ic  to  a ll fa c in g  u n it jo in ts .  
R e in fo rce d  e a rth  seems p a r t ic u la r ly  su ited  to  s itu a tio n s  sub jec t to  wave a tta ck  
s ince  the com para tive  f le x ib i l i t y  and re s ilie n c e  o f the s tru c tu re  p e rm its  
d iss ip a tio n  o f the wave energy w ithou t damage. In  these c ircu m s ta n ce s  i t  is  
not u n u s u a l  to  use a h e a v ie r fac ing  un it indeed th is  was the case fo r  the Mont 
S t. P ie r re  sea w a ll w here  p re cas t co nc re te  un its  3.5m  w id e , 1.5m h igh  and 
250mm th ic k  w ere  used, M c K it t r ic k  and D a rb in  ( lo c .c i t ) .  F o r  le s s  su b s ta n tia l 
m arine  s tru c tu re s  i t  is  poss ib le  to  c a r r y  out c o n s tru c tio n  in  f a i r ly  deep w a te r .
T h is  was ach ieved at the G rande-M ott m arina  w here  panels o f e l l ip t ic a l c ro s s -  
section  s tee l fac ing  un its  w ere  p re fa b r ic a te d  in  sections a p p ro x im a te ly  10m long 
and 5m h ig h . These se c tio n s , com plete w ith  re in fo rce m e n t a ttached and 
te m p o ra r ily  ro lle d  up, w ere  lo w e re d  in to  p o s itio n  and then b a c k f il le d ,  S c h lo s s e r 
and V id a l (1969).
By fa r  the la rg e s t a p p lica tio n  o f re in fo rc e d  e a r th , in  te rm s of su rfa ce  a rea  of 
fa c in g  u n its , is  in  the c o n s tru c tio n  o f h ighw ays and b r id g e s . R e in fo rc e d  e a rth  is  
p a r t ic u la r ly  su ited  to  econom ical h ighw ay c o n s tru c tio n  in  steep s id e - lo n g  g ro un d . 
Some o f the e a r ly  examples of th is  in c lu de  the V igna  w a ll on the F re n c h - I ta l ia n  
m o to rw ay, V id a l (1970), F ig u re  37 and the A u to ro u te  de M enton, D a rb in  (1970),
M arec et a l (1971). E xtens ive  use has been made of re in fo rc e d  e a rth  by the  U .S .  
F e d e ra l H ighw ay A dm in is tra tio n ,W a lk in sh a w  (1975)» p a r t ic u la r ly  in  c o n s tru c t io n  
o v e r steep ground subject to  slope in s ta b i l i ty .  A w id e ly  documented exam ple o f 
th is  is  the re in fo rc e d  e a rth  w a ll and s ta b il is in g  e a r th w o rk s , F ig u re  33 , c o n s tru c te d  
in  1972 on the C a lifo rn ia  Route 39, th is  being the f i r s t  a p p lic a tio n  o f re in fo rc e d  
e a rth  in  the U nited S tates,C hang et a l(1972 ,1974),Gedney(1972),Chang (1974). S im ila r  
. trea tm en t was accorded to the s lip  on In te rs ta te  H i ghway 40 in  T ennessee , R o y s te r
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(1974), S cott (1974) and the "H e a rt o ’ the H i l ls "  s lid e  nea r W ashington, Munoz (1974).
The re s ilie n c e  of re in fo rc e d  e a rth  has made i t  a p p lic a b le  to  c o n s tru c tio n s  of
abutments and w in g w a lls  of s im p ly  supported  o r  low  tens ion  b rid g e  decks , Sims
and Jones ( lo c .c i t ) .  E a r ly  examples in c lu de  qu ite  la rg e  s tru c tu re s  such as the
b rid g e  at T h io n v il le ,  P r ic e , ( lo c .c i t )  how eve r, th e re  is  m ore w idesp read  use
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in  m otorw ay b rid g e  c o n s tru c tio n . T y p ic a l o f these s tru c tu re s  a re  the abutments 
co n s tru c te d  on In te rs ta te  80 in  Nevada. As may be seen in  F ig u re  39 these consist 
o f a s im p le  re in fo rc e d  e a rth  w a ll capped w ith  a re in fo rc e d  co n c re te  bank seat beam 
to  take  the b rid g e  deck . These abutments w ere  founded on deep d epos its  o f so ft 
co m p re ss ib le  s o il w h ich  w ere  p re d ic te d  to  s e ttle  app ro x im a te ly  one m e tre ,
Gedney (1975). U nder these co nd itio n s , the a lte rn a tiv e  of co nve n tion a l p ile d  
foundations would have p roven  v e ry  expensive  in  v ie w  o f the la rg e  nega tive  sk in  
f r ic t io n  fo rc e s  genera ted by the superim posed embankment f i l l .  The re s il ie n c e  
o f re in fo rc e d  e a rth  was c le a r ly  dem onstra ted in  the Sete In te rc h a n g e  in  F ra n ce  
w here  d if fe re n t ia l ro ta tio n s  of 1:100 w ere  su ffe re d  w ithou t damage, S c h lo s s e r (1973). 
In  1975 the LCPC com pleted a study o f re in fo rced e .a rth  abutm ents w h ich  cu lm ina ted  
in  p u b lica tio n  o f the then d e fin it iv e  w o rk  by the M in is te re  de L ’ Equipm ent
(1975). Si.nee w a lls  a re  c u r re n t ly  the dom inant fo rm  o f re in fo rc e d  e a rth  d e ta ile d  
c o n s id e ra tio n  w i l l  be g iven to  the developm ent o f c u rre n t design  m ethods.
3 .0  TH E  R ESEAR C H  AND DEVELO PM ENT OF R E IN F O R C E D  E A R T H  W ALLS.
The f i r s t  fundam ental re se a rch  of w a ll behav iou r and design methods s ta r te d  at the 
L a b o ra to ire  C e n tra l des Ponts et Chaussees (LC PC ) in  1967. W ith in  f iv e  ye a rs  
s im ila r  re s e a rc h  had commenced in  both the U n ited  S tates o f A m e rica  and the U n ited  
K ingdom . The end of 1976 he ra lded  a bonanza of re in fo rce d  e a rth  re s e a rc h  w ith  
p u b lica tio n  o f the proceedings of the in te rn a tio n a l symposium "N ew  H o riz o n s  in  
C o n s tru c tio n  M a te r ia ls "  held at Lehigh U n iv e rs ity  , P e n n sy lva n ia . T h is  was 
ra p id ly  fo llo w ed  in  1977 by the in te rn a tio n a l con fe rence  "T he  Us;e o f F a b r ic s  in  
G eo techn ics" and the T R R L /H e rio t-W a tt U n iv e rs ity  syrnposium "R e in fo rced  E a r th  
and o th e r Com posite S o i l" .  T wd in te rn a tio n a l sym posia .to o k  p lace  in  1978, the 
ASC E s p rin g  convention, symposium "E a r th  R e in fo rcem en t" he ld  in  P it ts b u rg h  
and the New South Wales. U n iv e rs ity / In s t itu te  o f T echno logy symposium " S o i l  
R e in fo rc in g  and S ta b ilis in g  T echn iques" held in  Sydney. A fu r th e r  in te rn a t io n a l 
con fe rence  " S o il  R e in fo rcem en t" was held  in  P a r is  in  1979* In  the same y e a r 
sess ion  eight, of the seventh European co n fe re nce  was devoted to  " A r t i f i c ia l l y  
Im p roved  S o ils "  w ith  a s p e c ia lity  session. "R e in fo rc e d  E a r th "  be ing  in c o rp o ra te d _
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in  the s ix th  Panam erican co n fe re nce . A lthough these le a rn e d  g a th e rin g s  w ere  
in tended as forum s fo r  a ll fo rm s of re in fo rc e d  e a rth  the vast m a jo r ity  o f the 
subm issions in vo lve d  re in fo rc e d  e a rth  w a lls .
3.1 EARLY FR E N C H  R E S E A R C H .
Most o f the re s e a rc h  in  F ra n ce  was c a r r ie d  out by the LC P C , th e ir  re s e a rc h  
p rogram m e beg inn ing in ‘1967 w ith  experim ents  on sm all sca le  p la n e -s tra in  model 
w a lls ,  us ing  the Schneebeli r o l le r  tech n iq ue , F ig u re  40, Guegan and Legeay 
(1969), Long et a l (1973). T h is  was fo llo w e d  in  1968 by in v e s tig a tio n s  on f u l l -  
sca le  w a lls  at In c a r v i l le ,  S ch lo sse r (1970), S ch lo sse r and Long (1970), D unkerque , 
H u lo  et a l (1972) and on the A u to ro u te  de Menton, B ague lin  and Bustam ante (1971). 
F u r th e r  model s tud ies w ere  c a r r ie d  out at the In s t itu t  N a tio na l de S c ie n c e s ' 
A pp liquees ( IN S A ) at Lyon under the d ire c t io n  o f the LC P C , L a re a l and Bacot 
(1973). A lthough  re fe r re d  to  as " th re e  d im ens iona l" as opposed to  the "tw o  
d im e n s io n a l"  S chneebeli model the IN S A  w a lls  w ere  a lso  p la n e -s tra in  m odels 
em ploying sand f i l l  p laced in  r ig id  sided ta n ks . A sm a ll amount o f model w a ll 
w o rk  was c a r r ie d  out-independently  at the U n iv e rs ity  o f Lyon , S an g le ra t (1971)> 
Chapuis and P rin q u e t (1973) and Bacot (1974).
The f i r s t  a n a ly tic a l study of re in fo rc e d  e a rth  w a lls  was by S c h lo s s e r and V id a l 
(1969). I t  was c le a r ly  stated tha t design co n s id e ra tio n s  fa l l  in to  tw o m ain 
ca te g o rie s  nam ely in te rn a l and e x te rn a l s ta b il i ty .  The p rob lem  o f in te rn a l 
s ta b il i ty  was assoc ia ted  w ith  the re in fo rc e d  e a rth  mass p ro p e r in  w h ich  in s ta b il i ty  
cou ld  be invoked  e ith e r  by te n s ile  fa i lu re  o f the re in fo rce m e n t o r  bond fa i lu re  o f 
the re in fo rc e m e n t. The la t te r  mode o f fa ilu re  was not ana lysed  at th is  s tage , i t  
was s im p ly  stated tha t the leng th  of the re in fo rce m e n t should  be 80% o f the w a ll ■ 
h e igh t. In  des ign ing  aga inst e x te rn a l in s ta b il i ty  the re in fo rc e d  e a rth  mass was 
cons ide re d  to  act as a r ig id  body and as such was tre a te d  in  the same m anner as a 
g ra v ity  w a ll w ith  checks being made on base s lid in g  /o v e rtu rn in g  and b e a rin g  
ca p a c ity  fa i lu re  as w e ll as the o v e ra ll s ta b il ity  o f the w a ll and i ts  e n v iro n s .
S eve ra l o bse rva tions  w ere  made conce rn ing  in te rn a l s ta b il i ty  these be ing p r im a r i ly  
concerned  w ith  qua n tify ing  the te n s ile  fo rce s  genera ted in  the  re in fo rc e m e n t.
The f i r s t  a n a ly tic a l method p resen ted  was the so -ca lled  "C oulom b fo rc e  m e thod ". 
R eference to  F ig u re  41a shows a re in fo rc e d  e a rth  w a ll o f he igh t H w ith  (n+1) 
la y e rs  o f re in fo rcem e n t at equal v e r t ic a l spacings S . The leng ths o f the 
re in fo rce m e n t a re  s u ffic ie n t to  p reven t bond fa i lu re .  I f  the re in fo rc e d  e a rth  
mass is  assumed to  be cut by a fa i lu re  plane,, passing  th rough  the tpe o f- the w a ll •_ 
and in c lin e d  at an angle G to  the h o r iz o n ta l then the e q u ilib r iu m  o f the wedge o f
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re in fo rc e d  e a rth  to  the le f t  o f the fa i lu re  plane may be expressed  in  te rm s  of 
the w e ight of the wedge W and the sum of the te n s ile  fo rce s  in  the re in fo rce m e n t 
I T  p e r m e tre  ru n  of w a ll.  T ak ing  the u n it w e ight of the s o il to  be T , whence 
W = iT H  cot©, co n s id e ra tio n s  of e q u ilib r iu m  lead  to  equation 28 w here  . 0 .. 
is  the in te rn a l angle o f shea ring  re s ita n c e  of the s o il in  the w a ll:
I T  = £ YH2cot0 tan (0 -  0 )  . . . . ( 2 8 )
D iffe re n tia t io n  o f IT  w ith  re sp ec t o f 0 leads to  a maximum when 0 = 45 + -0 /2 . 
S u b s titu tio n  o f th is  va lue  in to  -{equation 28 leads to  equation (29):
I T  = | ta n 2 (4 5 - 0 /2 ) Y H 2  (29a)
I T  =  <29W
Equation  (29b) re p re se n ts  the sum of the re in fo rce m e n t te n s io n s . To  de te rm ine  
the fo rc e  in  each la y e r  o f re in forcem ent S ch lo sse r and V id a l ( lo c . c i t )  assumed a 
t r ia n g u la r  d is tr ib u t io n  w ith  no tens ion  in  the top  la y e r ,  i  = 0 , and the maximum 
tens ion  in  the bottom la y e r ,  i  = n . T h is  maximum te n s io n , p e r m e tre  ru n  o f w a ll,  
is  g iven by equation (30):
T  = K  v HS  . .(30a )m n + 1 a 1 v
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T =   K y  S   (30b)m , a 1 vn + 1
W ith the te n s ile  fo rc e  in  the ith  la y e r  being g iven by equation (31):
T . = — . K yHS i  n + 1 a 1 v .(31a)
T. = —  . K y'S 2  (31b)l  n + 1 a 1 v
Thus to  ensure  in te rn a l s ta b il ity  i t  is  necessa ry  to  check tha t the induced  te n s ile  
fo rc e  T. is  le ss  then, the u ltim a te  te n s ile  s tre n g th  of the ith  la y e r  o f re in fo rc e m e n t.
A second a n a ly tic a l method, the "R an k in e  fo rce  m ethod",w as-deve loped to  g ive  the
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te n s ile  fo rc e  in  the ith  la y e r  o f re in fo rce m e n t d ir e c t ly .  R e fe rence  to  F ig u re  
41b shows the ith  la y e r  o f re in fo rce m e n t re s is t in g  the h o r iz o n ta l th ru s t on a sec tion  
o f fac ing  un it equal in  he igh t to  the v e r t ic a l re in fo rce m e n t spacing  S ^ . The ( i - l ) t h  
la y e r  is  sub jected  to  a un ifo rm  v e r t ic a l su rch a rge  cr thus i f  i t  is  assumed..that, 
the i th  - la y e r  o f re in fo rcem e n t must re s is t  the a c tive  th ru s t im p a rte d  to  the facing 
u n it between the ( i - l ) t h  and ith  la y e r  then:
T. = L  a S + |K  y S  2 . ............... (32)l  a v v  ^ a ' v
I f  the  s tr ip s  a re  long  the v e r t ic a l s tre s s  may be equated to  the o ve rbu rd e n  
p re s s u re  ( i—1) y  whence equation (32) becomes:
T = ( i - i ) K  YS 2  (33)
1 d V
The maximum te n s ile  fo rc e  p e r m etre  ru n  of w a ll again o ccu rs  in  the bottom  
la y e r  and is  g iven by equation (34):
T  = ( n - i ) K  YS,,2  (34)m a v
When n is  la rg e  equations (30) and (34) y ie ld  a pp ro x im a te ly  the same re s u lt  , 
Equation (35):
T m = nKa ^ v 2 . . . . . . . . ( 3 5 a )
T = K. y  HS . . ............. (35b)m a v
Equation (35) may be expressed  in  the m ore general term  g iven  by equation  (36):
T = K. o S   (36)m a v v
In  conc lud ing  th e ir  a na lys is  S ch losse r and V id a l co ns ide re d  the e ffe c ts  o f the
h o r iz o n ta l . th ru s t genera ted by the f i l l  on the back of the re in fo rc e d  e a rth  m ass.
In sp e c tio n  of F ig u re  42a shows a w a ll o f height H w ith  re in fo rc e m e n t o f le n g th  L .
The b a c k f il l may be considered to  impose an a c tive  th ru s t P ., a c ting  at a he igh t
^ 3H /3  above the base of the w a ll thus gene ra ting  a bending moment ofK y  H r /6.. *■ a
about the ce n tre  of the 'b a se . A t the toe of the w a ll the v e r t ic a l s tre s s  assum es 
a maximum va lue w h ich  may be evaluated using-a  tra p e z o id a l s t r e s s .d is t r ib u t io n ,
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F ig u re  42c, equation (37):
a v = y H  + K y H 3/ L 2 . ■  (37a)
V a.
° v  =y H (1 «  H 2/ L 2 ) ’  (3 7 b )
a
T h re e  ye a rs  la te r  S ch lo sse r (1972) proposed a fu r th e r  a n a ly tic a l method based 
on the M eyerhof d is tr ib u t io n ,  F ig u re  42d, equation (38):
av = yH  1 . . . . . . . . ( 3 8 )
(i-K  H2/3 L 2) a
E quations (37) and (38) g ive  the v e r t ic a l s tre s s  at the base o f a w a ll o f he igh t H 
w h ich  may be su bs titu ted  in to  equation (36) to  c a lcu la te  the te n s ile  fo rc e  p e r m e tre  
w id th  at tha t le v e l.  F o r  in te rm e d ia te  re in fo rce m e n t la ye rscr may be c a lc u la te d  
by re p la c in g  H by the depth o f f i l l  above the p a r t ic u la r  la y e r  under c o n s id e ra tio n . 
F o r  w a lls  w here  the he ight a pp rox im a te ly  equals the leng th  o f the re in fo rc e m e n t 
and good q u a lity  b a c k f il l is  used e q u a tio n ^37) and (38) p re d ic t a maximum 
v e r t ic a l s tre s s  that is some 25% and 10%, re s p e c tiv e ly , g re a te r  than the sim p le  
ove rbu rden  p re s s u re . Where the re in fo rce m e n t is  lo n g , as in  the case of the  model 
te s ts , then the v e r t ic a l s tre ss  approx im ates to  .the o ve rbu rden  p re s s u re  whence 
Equation (35) a p p lie s .
C om parison o f the th e o ry  and re s u lts  obta ined from  both model and fu l l- s c a le  w a lls  
showed poo r agreem ent. In te rp re ta t io n  o f the model te s t re s u lts  was made from  
E qua tion  (35b) w h ich  g ives the maximum te n s ile  fo rc e  p e r m e tre  ru n  at the base o f 
a w a ll o f he igh t H . F o r  a model of w id th  B equation  (35b) becomes:
T = K y  HBS  (39)m a v
The model w a lls  w ere  re in fo rc e d  w ith  a lum inium  fo i l  o f known equ iva le n t te n s ile
s tre n g th  Tu * .  S ince the height o f each w a ll was in c re a se d  u n til i t  fa ile d  i t  was
known tha t T m = Tv thus equation  (39) was re a rra n g e d  to  g ive  the th e o re t ic a l
fa i lu re  he igh t H^, equa tion  (40 ), w h ich  could  be com pared w ith  the m easured
fa ilu re  he igh t H .5 m
Tu = ultimate tensile strength per reinforcement x number of reinforcements per layer per metre run of w all.
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= T u /K  y  BS f  a v (40)
The fu l l- s c a le  w a lls  w e re  not loaded to  fa i lu re ,h o w e v e r , the  maximum te n s ile  
fo rc e  genera ted  in  the re in fo rcem e n ts  was m easured as was the he igh t o f o v e r­
burden above each re in fo rc e m e n t. Thus the m easured tens ion  cou ld  be used as 
a pseudo u ltim a te  te n s ile  s treng th  from  w h ich  a pseudo fa i lu re  he igh t cou ld  be 
c a lc u la te d . T h is  is  then com pared to  the "a c tu a l fa i lu re  h e ig h t"  w h ich  is  s im p ly  
the m easured he ight o f o ve rb u rd e n . F ig u re  43 shows a com parison  between 
th e o re t ic a l and expe rim en ta l re s u lts .  As can be seen the model w a lls  fa i le d  
at he igh ts  co n s id e ra b ly  g re a te r than those p re d ic te d  w ith  th is  tendancy be ing  much 
m ore pronounced in  the " th re e  d im ens iona l" m odels . T h is  p oo r agreem ent is  
thought to  be due to  a . com b ina tion  of fa c to rs .  F ir s t ly  the models a re  ope ra ted  
at v e ry  lo w  s tre s s  le v e ls  w ith  maximum w a ll he igh ts le ss  than 400mm. C onsequen tly  
i f  the s o il has even the s lig h te s t tendancy to  d ila te  the in te rn a l angle  o f s h e a rin g
re s is ta n c e  would in c re a se  hence decreas ing  K and in c re a s in g  H f  . S ince  i t  appearsa t
tha t no a p p ro p ria te  low  s tre ss  le v e l te s tin g  o f the s o il was c a r r ie d  out th is  e ffe c t 
m ight pass u nn o ticed . Next th e re  is  the e ffe c t o f the r ig id i t y  o f the model 
fac ing  u n its . Even w ith  no in te rn a l re in fo rce m e n t the fac ing  u n its  w ou ld  be 
capable o f suppo rting  some f in ite  he igh t c f f i l l  w h ich  should be added to  the 
th e o re t ic a l he ight g iven by equation (40 ). T here  is  a lso  the p rob lem  o f base 
f r ic t io n  in  the model w h ich  tends to  reduce  the te n s ile  fo rc e  o th e rw is e  genera ted  
in  the bottom la y e r  o f re in fo rce m e n t. F in a lly  th e re  is  the p rob lem  of s ide  f r ic t io n  
w h ich  is  p e c u lia r  to  the " th re e  d im ens iona l" tes ts  w h ich  w e re  c a r r ie d  out in  g lass 
s ided tanks w ith  a w id th  to  height ra t io  o f app ro x im a te ly  0 .5  • O b v io u s ly  f o r  such 
n a rro w  models the s o il would tend to  a rch  ac ross  the tank and th e re fo re  fa i l  at 
he igh ts  s ig n if ic a n t ly  g re a te r  than those p re d ic te d . T h is  in flu e n ce  p o s s ib ly  
accounts fo r  the s ig n if ic a n t d iffe re n ce  in  th e .re s u lts  o f the "tw o ", and " th re e "  
d im ensiona l m odels.
Q uite  reasonab le  agreem ent between th e o re tic a l and expe rim en ta l re s u lts  was found 
fo r  the In c a rv i l le  w a lF h o w e v e r, poo r agreem ent was observed  fo r  the D unkerque  
w a ll re s u lts .  R e ference  to  F ig u re  43 shows tha t the th e o re tic a l o ve rb u rd e n  
he igh ts /pseudo  fa i lu re  heights w ere  a pp ro x im a te ly  100% h ig h e r than the m easured 
va lu e s . T h is  is  a lm ost c e r ta in ly  due to  a d d itio n a l e a rth  p re s s u re , and th e re fo re  
re in fo rce m e n t te n s io n , induced by com paction p la n t.
A n a lys is  o f the re in fo rcem e n t tens ion  m easurem ents from  the fu l l- s c a le  w a lls  
showed some v e ry  in te re s tin g  re s u lts .  As is  shown in  F ig u re  44 the  re in fo r c in g  __
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s t r ip  tens ions d id  in c re a se  w ith  depth but the d is tr ib u t io n  of ten s io n  a long  each
fa c in g  u n it.  T h is  d is tr ib u t io n  is  v e ry  s ig n if ic a n t as can be seen from  equation
As the tens ion  reaches a maximum the slcpe of the tens ion  vs le n g th  c u rv e  changes 
from  p o s itiv e  to  negative  im p ly ing  a change in  the s ign  o f the shea r s tre s s  
ac ting  on the re in fo rc e m e n t, F ig u re  44. T h is  leads to  the co n c lu s io n  th a t th e re  
a re  two w e ll defi.ned zones w ith in  the re in fo rc e d  e a rth  m ass, the a c tiv e  zone, 
adjacent to  the fac ing  u n its , and the re s tra in in g  zone. The d iv id in g  lin e  betv/een 
these tw o zones is  the locus o f the po in ts  o f maximum re in fo rce m e n t ten s io n s  w here  
the shea r s tre s s  on the re in fo rcem e n t is  z e ro . A s can be seen fro m  F ig u re  44 
th is  locus  is  quii.e d if fe re n t from  the Coulomb fa i lu re  p lane . L a te r  a n a ly t ic a l 
w o rk  based on the f in ite  element method, C orte (1977) and p h o to -e la s tic  m ode ls , 
S an tin i and Long (1978) endorsed these o b s e rv a tio n s .
These re s u lts  in s tig a te d  fu r th e r  thought on the p rob lem  of bond fa i lu re  . One 
bas ic  conc lus io n  was tha t the bond leng th  o f the re in fo rc e m e n t, tha t is  the  length , 
o f re in fo rce m e n t embedded in  the re s tra in in g  zone, F ig u re  44 , must be long  enough 
to  re s is t  the maximum te n s ile  fo rc e ,  T , genera ted  in  the re in fo rc e m e n t. A 
s im ple a n a ly tic a l method was proposed by S ch lo sse r (1972). F i r s t  c o n s id e ra tio n  
was g iven to  one la y e r  of re in fo rcem e n t co n ta in in g  N s tr ip s  o f w id th  b p e r m e tre  
leng th  of w a ll.  T ak ing  the v e r t ic a l s tre s s  on the re in fo rce m e n t to  be a v and the 
c o e ff ic ie n t o f s o il/re in fo rc e m e n t f r ic t io n  to  be f  the lim it in g  co n d itio n  is  de fined  by 
Equation (41):
s t r ip  was such tha t the maximum tens ion  o c c u rre d  some d is tance  back fro m  the
(4)
dT f (4a)
2 a 'b d l
S ince: t f ’ f  = t
(4b)
2Nbfcr dL v (41)
o
I f  the v e r t ic a l s tre ss  is  taken equal to  the .o ve rb u rd e n  p re s s u re y H - equation  (42) 
re s u lts :
L.a (42)2Nbf YH
I f  T is  eva luated fro m  equation (35) the l im it in g  bond leng th  becomes:
a -: 2Nbf
(43)
T h is  shows tha t to  a f i r s t  app rox im a tion  the bond leng th  is  independent o f the 
le v e l o f the re in fo rc in g  la y e r .  A m ore m eaningfu l c a lc u la tio n  w ou ld  in v o lv e  
co n s id e ra tio n  o f ;the d is tr ib u t io n  o f v e r t ic a l s tre s s  a long the le n g th  o f the . 
re in fo rc e m e n t. Somewhat s im p ly  the M eyerhof d is tr ib u t io n  was app lie d  to  g ive  
the e xp ress io n :
I t  was po in ted  out tha t the lim it in g  bond le n g th  La must be in c re a s e d  by an amount 
equal to  the w id th  o f the ac tive  zone to  a r r iv e  at the to ta l leng th  o f re in fo rc e m e n t 
at any g iven le v e l.  H aving made th is  statem ent the LCPC then  advocated the use 
of equation  (43) to  evaluate the to ta l re in fo rce m e n t leng th  on the b as is  tha t 
d ila t io n  o ccu rs  in  the v ic in ity  o f the re in fo rce m e n t causing  the v e r t ic a l  s tre s s  le v e l 
to  lo c a lly  r is e  above the ambient ove rbu rden  p re s s u re  thus com pensating  to  some 
extent fo r  the use o f such a s im ple e x p re s s io n .
3 .2  TH E  UCLA S T U D Y .
The e a r lie s t com prehensive  study of re in fo rc e d  e a rth  w a lls  in  the U n ited  S ta tes o f 
A m e rica  was c a r r ie d  out at the U n iv e rs ity  o f C a lifo rn ia ,  Los A nge les  unde r the 
d ire c t io n  o f the la te  P ro fe s s o r Lee. The in i t ia l  re s e a rc h  was lim ite d  to  model 
w a lls  w h ich  w ere  used to  in ve s tig a te  s ta tic  b e h a v io u r, Lee et a l (1972,1973), 
V agneron (1972), as w e ll as b ehav iou r under se ism ic  lo a d in g , R ich a rd so n  and Lee 
(1974). L a te r re s e a rc h  in vo lved  the c o n s tru c tio n  of a 7m h igh p ro to ty p e  w a ll 
again used to  in ve s tig a te  both s ta tic  and dynam ic b e h a v io u r, R ich a rd so n  (1976).
The study commenced by making the same in i t ia l  assum ptions as the  LCPC nam ely 
tha t a c tive  co nd itio n s  would p re v a il g iv in g  r is e  to  maximum te n s ile  fo rc e s  in  the 
re in fo rce m e n t o c c u rr in g  a ^ th e  fac ing  u n it.  E xp re ss io n s  w ere  aga in  d e r iv e d  
fo r  the maximum te n s ile  fo rce  based on the .R ank ine  method (R ) and the Coulom b 
. fo rc e  method (C F ). A d d it io n a lly  an e xp ress io n  was d e r ive d  us in g  the  Coulom b 
moment method (CM) in  w hich the sum of the moments o f the re in fo rc e m e n t te n s ile  
fo rc e s  about the toe of the w a ll a re  equated to  the a c tive  e a rth  p re s s u re  mom ent,
2Nbf (1-(K H2/3 L 2))
a
(44)
a lso  about the toe of the w all ,  equation (45):
n2 K y HS • '
m =~ 2 ~ ,  aY v....................................................................... ................. W 5)n -1
A n a ly tica l in v e s tig a tio n s  o f p u l l-o u t ,  o r  bond fa i lu r e ,  again co n s id e re d  the 
Rankine approach w h ich  re s u lts  in  a constant bond leng th  La p ro je c t in g  f ro m  the 
p o te n tia l fa i lu re  plane in to  the re s tra in in g  zone. F o r  th is  case the to ta l le n g th  
o f each re in fo rcm e n e t would in c re a se  l in e a r ly  fro m  a minimum at the  bottom  o f 
the w a ll to  a maximum at the to p . I t  was po in ted  out tha t i f  the  w a ll was to  be 
co n s tru c te d  w ith  re in fo rcem e n ts  a ll o f the same leng th  then the minimum le n g th  
w ou ld  be d ic ta te d  by cond itions  at the top of the w a ll,  F ig u re  45 , w he re  fo r  a fa c to r  
o f sa fe ty  F ^  aga inst bond fa i lu re :
L = H /ta n e  + F 5La  (46a)
L = (H /ta n e ) + CK S FK/2N bf)  . . . ( 4 6 b )a v b
The study continued  by d raw ing  a tten tion  to  the fa c t tha t the Coulom b methods 
c o n s id e r o v e ra ll s ta b il ity  ra th e r  than lo c a l s ta b il i ty ,  as in  the case o f the 
Rankine m ethod, and thus i t  is  net necessa ry  tha t a l l  the re in fo rc e m e n ts  extend 
beyond the p o te n tia l fa i lu re  p lane . To some exten t th is  v in d ica te d  the assum ption  
the LCPC tha t the to ta l re in fo rce m e n t leng th  cou ld  be expressed  by e q u a tion  (43)* 
On th is  bas is  then the to ta l maximum p u ll-o u t re s is ta n c e , fo r  the case in  w h ich  a ll 
the re in fo rcan e n ts  have a constant leng th  L w ith  on ly  some o f them extend ing  in to  the 
re s tra in in g  zone, was defined by equation  (47) w here  P is  the p u ll-o u t  re s is ta n c e  
p e r un it leng th  o f w a ll and m is  the va lue o f i  fo r  the f i r s t  re in fo rc e m e n t fro m  
the top to  extend in to  the re s tra in in g  zone:
P = 2Y bfN S v.X mi |L - ( n - i ) S v tan(45 -  0 /2 )J  '  (47)
The fa c to r  o f sa fe ty  aga inst bond fa i lu re  was obta ined using  the Coulom b fo r c e  
method by d iv id in g  equation (47) by to ta l a c tive  th ru s t ,  equation (48):
= T - * [ L “  s  tan(45 -  0/ 2) ] ,(48)
i=m
45
A co rre sp o n d in g  exp ress io n  was obta ined us ing  the Coulomb moment m ethod, 
h ow eve r, in  th is  case the sum of the moments about the toe o f each re in fo rc e m e n t 
p u ll-o u t re s is ta n c e  is  d iv ided  by the to ta l moment about the toe o f the a c tive  
th ru s t ,  equation (49): ••
' , 12bfNS 2 n
p  = ---------_ X _  ( n - i ) i
D K i=ma
L -  (n - i)S  tan(45 -  0 /2 )  v- .(4 9 )
The re q u ire d  constant leng th  o f re in fo rc e m e n t, L , fo r  a g iven w a ll he igh t H was 
dete rm ined  from  equation (48) o r  equation (49) by a qu ick  t r ia l  and e r r o r  
p ro c e d u re . To fa c i l ita te  com parison  o f the re s u lts  fo r  the th re e  d if fe re n t methods 
c a lc u la tio n s  w e re  c a r r ie d  out using the d im ensions and p ro p e rt ie s  o f one o f the 
s e r ie s  o f model te s ts .  These re s u lts  a re  shown g ra p h ic a lly  in  F ig u re  46b. The 
Coulomb fo rc e  method computes the sh o rte s t leng th  o f re in fo rc e m e n t, w hereas 
the  Rankine method leads to  the longest re in fo rce m e n t and th e re fo re  is  the most 
c o n s e rv a tiv e . •
F o llo w in g  the a n a ly tic a l assessm ent model te s ts  w e reca rried  out to  in v e s tig a te  both 
te n s ile  and bond fa i lu re s .  The appara tus com prised  of a wooden box 1220mm 
lo n g , 760mm wide and 610mm high in  w h ich  the  m odel w a lls  w e re  c o n s tru c te d .
Fac ing  u n its  w ere  co ns tru c te d  of 0.3mm th ic k  a lum in ium  fo i l  fo rm ed to  g ive  a 
s e m i-c irc u la r  c ro s s -s e c t io n . The re in fo rc in g  s t r ip s ,  w h ich  w e re  3 -9mm w id e , 
w ere  made o f 0.013mm th ic k  alum inium  fo i l  g iv in g  an u ltim a te  s tre n g th  o f 4 -9 N  p e r 
s t r ip  . A lim ite d  num ber o f s tr ip s  w ere  in s trum en ted  w ith  e le c tr ic a l re s is ta n c e  
s tra in  gauges. A lthough the leng th  and h o r iz o n ta l spacing o f the s t r ip s  w e re  v a r ie d  
fro m  te s t to  te s t the v e r t ic a l spacing was m ain ta ined constant at 25mm. The model 
w a lls  w e re  co n s tru c te d  in  the same m anner as a fu l l- s c a le  w a ll w ith  one fa c in g  un it 
and its  a ttend ing  s tr ip s  being pos itioned  and f i l le d  b e fo re  p la c in g  o f th e  subsequent 
fac ing  u n it .  The f i l l  w h ich was a fine  un ifo rm  sand was ra in e d  fro m  a hopper to  
ensure  a un ifo rm  d e n s ity . D u rin g  placem ent o f the sand a th in  la y e r  o f c o lo u re d  
sand was in s ta lle d  at a lte rn a te  la y e rs  to  act as a m a rk e r bed. T o  in v e s tig a te  the 
e ffec ts  o f d en s ity  tes ts  w ere  c a r r ie d  out w ith  the sand at a re la t iv e  d e n s ity  o f 63%, 
i . e .  medium dense o r  20%, i . e .  lo o se . The co rre sp o n d in g  angles o f in te rn a l 
shea ring  re s is ta n c e Lw hich w ere  m easured using the t r ia x ia l  a p p a ra tu s , o p e ra tin g  
at a p p ro p r ia te ly  low  s tre ss  le v e ls , w ere  found to  be 44° and 31°. P u l l- o u t  te s ts , 
on the re in fo rc in g  s tr ip s  in d ica ted  an angle o f bond s tre ss  o f 31° c o rre s p o n d in g  
to  f  = 0 .6 .  The he ights o f the model w a lls  w ere  inc re ase d  u n t il fa i lu re  was induced
46
whence the models w ere  d ism antled  to  a llo w  lo c a tio n  o f the fa i lu re  p la ne , as 
in d ica te d  by the m a rke r beds, and any te n s ile  f ra c tu re s .
T y p ic a l re s u lts  fo r  w a lls  fa i l in g  by s t r ip  b reakage . a re  shown in  F ig u re  46a.
As can be seen the te s t re s u lts  fo r  medium dense sand a re  in  reasonab le  agreem ent
w ith  the s im ple  Rankine th e o ry . C o n ve rse ly  the te s t re s u lts  fo r  the loose  sand
%
show g re a te r  fa i lu re  he ights than those p re d ic te d  by th e o ry , in  fa c t these  re s u lts  
w e re  found to  be v e ry  c lose  to  those fo r  the medium dense sand. T h is  re s u lt  
may re f le c t  the fa c t tha t no a llow ance was made fo r  the e ffe c t o f the b a c k f i l l  
th ru s t on the d is tr ib u t io n  of v e r t ic a l s tre s s  w ith in  the re in fo rc e d  m ass.
Measurem ent o f the d is tr ib u t io n  o f tens ion  a long the  re ir fo rc in g  s t r ip s  gave s lig h t ly  
ambiguous re s u lts .  These in d ica te d  tha t the h ighest s tre s s  le v e l o c c u rs  c lo se  
to  the fa c in g  u n it,  how ever , the o v e ra ll s tre s s  le v e ls  seemed to  be lo w  
suggesting  tha t some o f the s tre s s  was be ing taken by the s tra in  gauge lea d  w ire s .
In  v iew  o f th is  la te r  models w ere  f it te d  w ith  s tra in  gauges c lo se  to  the  face to  
m in im ise  such in te r fe re n c e .
T y p ic a l re s u lts  show ing the v a r ia tio n  o f te n s ile  s tre s s  w ith  depth a re  g iven  in  
F i.g u re  47a . As can be seen the re  is  a tre n d  in v o lv in g  the a n tic ip a te d  in c re a s e  
o f te n s ile  .s tress  w ith  depth, however:, th is  tre n d  is  c u r ta ile d  tow a rds  the base of 
the w a ll.  T h is  e ffe c t is  a lm ost c e r ta in ly  ^ induced by base f r ic t io n .  On in s p e c tio n  a fte  
fa i lu re  o f the w a ll the t ie s  w ere  found to  have fra c tu re d  , at the fa c in g  u n it as 
p re d ic te d  by the s tra in  gauge m easurem ents. These fin d ing s  w ere  c o n tra ry  to  those 
o f the LC P C , h ow eve r, la te r  and m ore re lia b le  m easurem ents on the fu l l- s c a le  w a ll 
confirm ed tha t maximum s tr ip  tens ions o c c u rre d  some d is tance  back fro m  the fa c in g .
R esu lts  fo r  walls fa i l in g  by p u ll-o u t o f the re in forcem ent, F ig u re  46b , show f a i r ly  
c lo se  agreem ent w ith  the th e o re tic a l re s u lts  from  the Coulomb m ethods. As 
expected the Rankine th e o ry  was found to  be co n se rva tive  . F o r  com parison  
F ig u re  46b shows the LCPC ru le  o f thumb design w h ich  takes L = 0 .8 H .
An e x trem e ly  in te re s tin g  re s u lt  was obta ined fo r  the shape and lo c a tio n  o f the 
fa i lu re  s u rfa c e . F ig u re  47b shows a ty p ic a l s e rie s  o f tes t re s u lts  com pared w ith  
the c la s s ic a l Coulomb fa ilu re  plane in c lin e d  at (45 +■ 0 /2 )  to  the h o r iz o n ta l.  As 
can be seen the observed  fa i lu re  plane is  s lig h t ly  cu rve d  but emanates fro m  the toe 
of the w a ll and f in a l ly  converges w ith  the Coulomb plane at the top  ,'ofthe w a il.
The o rig in a l, re fe re n ce s  d id not make c le a r  w he the r the observed  p lane was 
associa ted  w ith  a te n s ile  o r  bond fa i lu re  m ode. H o w e ve r, la te r  w o rk ,  Lee (1976^*
sta tes tha t in  model w a lls  loaded to  fa i lu re ,  e ith e r  in  bond o r  te n s io n , the o u te r 
boundary o f the fa i lu r e  zone a lways approx im ates to  the th e o re t ic a l fa i lu re  p la ne .
T h is  o b se rva tio n  was found to  be at v a ria n c e  w ith  the subsequent fu l l- s c a le  
w a ll in v e s tig a tio n  w here  the locus of the po in ts  o f maximum s t r ip  te n s io n  fe l l  a long 
a c u rv e  v e ry  s im ila r  to .th a t observed  by the LC P C , F ig u re  44 . F u r th e r  v a ria n c e  
between model and fu l l- s c a le  a pp lica tio ns  was found in  the m agnitude o f s t r ip  
tens ions w ith  the f ie ld  re s u lts  being qu ite  c lose  to  the "a t r e s t "  d is t r ib u t io n  in  the 
upper sections of the w a ll.  A s im ila r  o bse rva tio n  was made by Chang ( lo c .c i t )  
d u r in g  h is  in v e s tig a tio n  of a fu l l- s c a le  w a ll on H ighw ay 39* T h is  -, re s u lt  is  not 
e n t ire ly  unexpected s ince  as exp la ined by S ch lo sse r and V id a l (1969) i f  the same 
d is tr ib u t io n  o f re in fo rcem e n t is  used in  each la y e r  the re in fo rce m e n t in  the. uppe r 
la y e rs  w i l l  be u nd e rs tre ssed  and th e re fo re  s u ffe r  n e g lig ib le  s tra in s  thus g iv in g  
r is e  to  a t  p re s s u re  re g im e . A t depth the same re in fo rce m e n t w ou ld  be exposed 
to  h ig h e r la te ra l p re ssu re s  induc ing  h ig h e r te n s ile  s tre sses  and s t ra in s .  I f  
the s tra in  is  la rg e  enough th e re  would be a co rre sp o n d in g  la te r a l y ie ld  in  the 
ad jacent f i l l  u lt im a te ly  lead ing  to  the developm ent, of an a c tive  p re s s u re  re g im e .
3 .3  T H E  D .O .E  /  T .R .R .L .  S T U D Y .
The f i r s t  re in fo rc e d  e a rth  w a ll co n s tru c te d  in  the U nited Kingdom is  s itu a te d  on 
the Le ith  to  G ranton bypass nea r E d in b u rg h . T h is  w a ll,  w h ich  was c o n s tru c te d  
in  1972, is  some 106m long and up to  7m h igh w ith  co n s tru c tio n  be ing  com ple ted  
in  f iv e  w e e ks , F in la y  • and S u the rland  (1977), F in la y  (1978). T h is  success was 
repea ted  on th e  H untingdon-G odm anchester bypass and the R uncorn -W idnes b r id g e . 
In  a ll th re e  cases the V i dal conc re te  panel system  was used. A t about th is  tim e 
the D .o .E .  s ta rte d  i ts  own re in fo rc e d  e a rth  re s e a rc h  and developm ent program m e 
'w ith  B an e rje e  of the D . o .E . , a ss is ted  by B o lto n  at U M IS T  appo in ted to  c a r r y  
out a th e o re tic a l s tudy . Jones of the West Y o rk s h ire  M e tro p o lita n  C ounty C o u n c il 
was re sp o n s ib le  fo r  d ev is ing  a p ra c tic a l co ns truc tion  system , R eina (1975). These 
s tud ies  cu lm ina ted  in  the p ro du c tio n  o f tw o  re p o r ts ,B ane rjee  (1973) and B o lto n (I9 7 2 ), 
to g e th e r w ith  the co n s tru c tio n  of a lOOmi long  p ro to typ e  w a ll on the M62 in  
Y o rk s h ire  us ing  the so -ca lled  "Y o rk  M ethod" o f re in fo rc e d  e a rth  c o n s tru c t io n ,
Jones (1978). The f i r s t  te ch n ica l p u b lica tio n  on th is  sub ject was by Symons (1973) 
o f the D .o .E . T ra n s p o rt and Road R esearch  L a b o ra to ry  (TR R L) who b r ie f ly  
re v ie w e d  the LCPC and UCLA s tu d ie s . T h is  was fo llow ed  by a s ta te  o f the a r t  
study sponsored by the then West R id ing  C o u n ty  c o u n c il,  Mamujee (1974).
One y e a r la te r  B ane rjee  (1975) pub lished  a paper p re se n tin g  p r in c ip le s  o f a n a ly s is  
and d es ign . T h is  ex trem e ly  abstruse d is s e r ta t io n , w h ich  is  based on the
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Coulomb fo rc e  method, p resen ts  a gene ra l a na lys is  in v o lv in g  a c 1-  0 *
s o il and a un ifo rm  su rch a rge  at the top of the w a ll.  F o r  s im p lic ity  the
p re se n ta tio n  he re  is  con fined  to  a p u re ly  f r ic t io n a l s o il w ith  no s u rc h a rg e .
C o n s ide ra tio n  was g iven to  a w a ll o f he igh t H w here  the re in fo rc e d  e a rth  mass
is  cu t by a plane in c lin e d  at jb to  the v e r t ic a l ,  F ig u re  41a. I t  fo llo w s  tha t the
s lid in g  and re s to r in g  fo rc e s  along the p lane a re  g iven  by equa tion  (50):
«
S lid in g  fo rc e  = |y H ^ s in /3  . . . . . . .  .(50a)
2
R e s is tin g  fo rc e  = | y H  sin/3 tan/3 tan 0 + ZKcoSyStan 0 + sin/3)
 . . ( 50b)
In tro d u c in g  a fa c to r  o f sa fe ty , F ,  de fined as the ra t io  o f re s is t in g  fo rce  to
2 -s lid in g  fo rc e  equation (51) is  d e rive d  w here  X = 2 I T / y H
F = tan fb tan 0 + X I  + c o t /6 tan 0 )  (51)
On the assum ption tha t I T  and hence X is  not v e ry  se n s itive  to  changes in  /3 
B ane rjee  obta ined a va lue of [b fo r 'th e  minimum fa c to r  of s a fe ty , e q u a tion  (52):
tan /3 = 7 x   (52)
The va lue  o f IT  w i l l  depend on w he the r a ll the b a rs  fa i l  in  te n s io n  o r  bond. Thus 
i f  a l l  the b a rs  fa i l  in  tens ion :
I T  =  n T u   ( 5 3 )  •
C o n ve rse ly  fo r  bond fa ilu re  B ane rjee  d e r ive d  an equation id e n t ic a l to  e qua tion  
(47) how ever i t  was assumed tha t m = o whence the exp ress io n  was summed o v e r n 
te rm s to  g ive  equation (54):
IT  = tf>fNSv (n^+n)(L-H tan/3) + |(n ^+ n )(2 n + l)S v tan ............. (54)
I t  was then argued tha t the va lue of /3 cou ld  on ly  be de te rm ined  i f  IT  w e re  know n. 
The statement was then made tha t IT  is  not v e ry  se ns itive  to  the va lue  o f /3 whence 
/3 was put equal to  (4 5 - 0 /2 ). . T h is  assumed va lue  was then su b s titu te d  in to  
•equation (54) to  g ive  a va lue of I T .  T h is  va lue of IT  was then s u b s titu te d  in to  
equation (52) , in  the form  of X , to  g iv e .a ."m o re  accura te  va lue  of-/S" w h ich  '
in  tu rn  was su bs titu ted  , w ith  I T , in to  equation (51) to  f in a l ly  g ive  a fa c to r  of 
sa fe ty  aga inst bond fa i lu re .  A lthough not s ta ted  i t  fo llo w s  tha t to  d e r iv e  a 
fa c to r  of sa fe ty  aga inst te n s ile  fa i lu re  equation (53 ), in  the fo rm  o f X , is  
su bs titu ted  in to  equation (52) to  g ive  f i  w h ich  is  in  tu rn  su bs titu ted  in to  equation  
(51) , w ith  I T  from  equation (53 ).
T o  assess the v e ra c ity  o f th is  approach the th e o re tic a l re s u lts  w ere  com pared
w ith  those obta ined by B o lton  (1972) from  a s e rie s  of c e n tr ifu g a l te s ts  on m ode ls ,
co n s tru c te d  using d ry  sand, w ith  re in fo rce m e n t leng ths  and spacings w h ich  w ere
v a r ie d  fro m  te s t to  te s t.  The com parison  is  shown in  F ig u re  49 in  the fo rm  of
2a p lo t of fa c to r  of sa fe ty  aga inst non -d im ens iona l tens ion  X = 2 £ T /y H  . As can
be seen .the re  is  reasonab le  agreem ent between th e o re tic a l and e xpe rim en ta l
re s u lts  w ith  a ll models having a th e o re tic a l fa c to r  o f sa fe ty o f u n ity ,  o r  le s s ,
e ith e r  c o lla p s in g  o r  s u ffe r in g  la rg e  d isp lace m e n ts . T here  is  o n ly  one anom aly,
conce rn in g  te s t N o. 6 , in  w h ich  the modd w a ll co llapsed  at a th e o re t ic a l fa c to r
o f sa fe ty  o f app ro x im a te ly  1 .3 . I t  is  in te re s t in g  to  re f le c t on the th e o re t ic a l
va lue  of the non-d im ens iona l te n s io n , equa tion  (5 5 ), at fa i lu re .  A ssum ing  tha t
ac tive  th ru s t is  developed then IT  = -jr.K yH whence X = K .a a
X = 2 I T /  yH 2  (55)
T h is  is  borne  out by F ig u re  49 w here fo r  a fa c to r  o f sa fe ty  o f u n ity  X = 0 .2 6  
w h ich  e xa c tly  equals the va lue o f fo r  = 3 6 ° .
To make some assessm ent of the l ik e ly  re in fo rce m e n t tens ions unde r s e rv ic e
co nd itio n s  B ane rjee  (1973) c a r r ie d  out a f in ite  e lem ent ana lys is  in  w h ich  the s o il
-and re in fo rce m e n t w ere  assumed to  e xh ib it l in e a r -e la s t ic  b e h a v io u r. F o r
v e r t ic a l and h o r iz o n ta l re in fo rcem e n t spacing S and S, the s t r ip  te n s io n  Tv v n s
at any depth d was defined by a fu r th e r  d im ension less pa ram e te r T / y d S v S ^ .
I t  was found o ve r a w ide range o f re la t iv e  s o il/re in fo rc e m e n t s tif fn e s s  tha t the 
maximum va lue of th is  pa ram ete r was se n s ib ly  constant at 0 .3 5 . T h is  va lue  
was subsequen tly  recommended fo r  design in  a ssoc ia tio n  w ith  a fa c to r  o f sa fe ty  
o f th re e .
• The in i t ia l  c e n trifu g e  w o rk  by B o lton  ( lo c .c i t )  was extended unde r the  ausp ices 
o f the TRRL to  inc lude  co m p a ra tive ly  soph is tica ted  models w ith  in s tru m e n ta tio n  
fo r  m easuring  the d is tr ib u t io n  o f tens ion  in  the re in fo rc in g  s tr ip s  as w e ll as the 
d is tr ib u t io n  of v e r t ic a l s tre s s  a cross  the w a ll base B o lton  et al (1978a,1978b). 
One o f the main find ings  from  these s e rie s  o f te s ts  was tha t the v e r t ic a l  p re s s u re
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d is tr ib u t io n  a cross  the w id th  o f the models v/as not un ifo rm  w ith  the s tre s s  at 
the  toe of the w a ll being up to  25% above the th e o re tic a l ove rbu rd e n  p re s s u re  , 
C houdhury (1977). I t  was concluded tha t th is  v a r ia t io n  of v e r t ic a l s tre s s  
cou ld  be qu ite  sa fe ly  m odelled using the tra p e z o id a l s tre ss  d is tr ib u t io n  advocated 
by S ch lo sse r add V idal(1969.)• The sand used in  the c o n s tru c tio n  o f the model 
w a lls  p roved  to  be s tro n g ly  d ila ta n t w ith  the angle o f in te rn a l sh ea rin g  
re s is ta n c e  v a ry in g  from  50Q to  42° o v e r the norm a l s tre ss  range 0 -  100 k N /m ^ .
T h is  led  to  prob lem s in  c o r ro la t in g  th e o re tic a l and expe rim en ta l data s ince  fo r  
the-range o f 0 the va lue o fK ^  in c re a se d  some 50% from  C. 13 to  0 .2 0 .
The TRRL in v e s tig a tio n  w h ich  is  co n cu rre n t w ith  tha t at U M IS T  commenced w ith  
an a n a ly tic a l and model w a ll s tudy . The model w a lls ,  w hich w ere  one m etre  
h ig h , showed a w e ll defined Coulomb wedge at fa i lu re  as obse rved  by Lee et a l 
( lo c .c i t ) .  A lso  th e re  was a tendancy fo r  the la te ra l p re s s u re s , as b a c k fig u re d  
fro m  m easured s t r ip  te n s io n s , to  be c lo s e r  to  th e  "a t re s t "  d is tr ib u t io n  in  the 
upper reaches of the s tru c tu re .M u rra y  (1977) a rgued tha t th is  phenomenon cou ld  
be induced by the mode of w a ll de fo rm a tion  fo r  example i f  the w a ll t ra n s la te s ,  
as c e r ta in  o f the model w a lls  d id , then the re s u lt in g  p re s s u re  d is tr ib u t io n  is  not 
the  fa m il ia r  l in e a r  d is tr ib u t io n  assoc ia ted  w ith  w a lls  ro ta tin g  about th e ir  to e s .
S im ple D ubrova  (1963) th e o ry  was app lied  to  show tha t tra n s la t io n  re s u lts  in  a 
p a ra b o lic  p re s s u re  d is tr ib u t io n  w ith  R > R Q at the top of the w a ll and K <K a at the 
base of the w a ll.  A fu r th e r  , and most re v e a lin g , re s u lt  obta ined  fro m  the model 
w a ll te s ts  concerned  the e ffec t o f fa c to r  o f sa fe ty  on the d is tr ib u t io n  o f s t r ip  
te n s io n . F o r  a co m p a ra tive ly  h igh  fa c to r  o f sa fe ty .o f 2 .5  the maximum ten s io n  
o c c u rre d  some d is tance  back from  the face of the w a ll,  h ow eve r, at a fa c to r  o f 
sa fe ty  o f 1.1 the maximum tens ion  o c c u rre d  at the face of the w a ll as found by 
Lee et a l ( lo c .c i t ) .
One" o f the  p rim e  o b jec tive s  o f the TRRL re s e a rc h  was to in v e s tig a te  the  use of 
cohesive  b a c k f il l as opposed to  the c o m p a ra tive ly  h igh q u a lity  , and th e re fo re  m ore 
expens ive , g ra n u la r  b a c k f il l n o rm a lly  sp ec ified  by the S ocie te  La T e r re  A rm e e .
A f te r  su ccess fu l c o n s tru c tio n  o f a 3m h igh p ilo t-s c a le  w a ll b a c k fil le d  w ith  c la y  
fu l l-s c a le  f ie ld  t r ia ls  w ere  s ta rte d  in  the summer of 1977, Boden et a l (1978).
The fu l l- s c a le  s tru c tu re  com prised  o f a 6m high embankment re ta in e d  on th re e  s ides 
by v e r t ic a l fa c ing  u n its , M u rra y  and Boden (1979). The main body of the embankment 
was U m  w ide and some 25m long w ith  a c o n s tru c tio n  ram p a p p ro x im a te ly  20m lo n g . 
The b a c k f il l was made up of th re e  main la y e rs ,  each la y e r  occupying  
app rox im a te ly  one th ird  of the height... A t the low est le v e l was. a sandy s ilty , c la y
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w ith  liq u id  and p la s tic  l im its  of 30% and 17% re s p e c t iv e ly .  T h is  f i l l  was p laced 
as wet as p oss ib le  c o n s is te n t w ith  t r a f f ic a b i l i t y  by the c o n s tru c tio n  p la n t. The 
m idd le  la y e r  was a g ra n u la r  f i l l  in s ta lle d  to  g ive  a com parison  between the 
pe rfo rm ance  o f conven tiona l and cohesive  f i l l s .  The upper la y e r  o f f i l l  w h ich  
was a s i l t y  c la y ,  liq u id  l im it  42%, p la s tic  l im it  21%, was p laced at a m o is tu re  
content o f 18%.
A range o f d if fe re n t types o f re in fo rc in g  s tr ip s  w ere  in s ta lle d  in c lu d in g  s ta in le ss  
s te e l, m ild  s tee l e ith e r  ga lvan ised  o r w ith  p la s tic  o r  a lum in ium  c o a tin g , p re ­
s tre sse d  co ncre te  p lanks, f ib re  re in fo rc e d  p la s tic  andnon-woven fa b r ic .
S eve ra l types o f fac ing  un it w ere  employed to  assess the re la t iv e  pe rfo rm an ce  
o f la rg e  and sm all un its  as w e ll as to  study the in flu en ce  o f the f le x ib i l i t y  o f the 
jo in t in g  between the u n its ,  Boden et a l ( lo c .c i t ) .
D u rin g  c o n s tru c tio n  v e ry  h igh excess p o re w a te r p re s s u re s  am ounting to  90% of 
the ove rbu rden  p re s s u re  w ere  developed in  the lo w e r la y e r  o f cohes ive  f i l l ,  
h ow eve r, th e re  was no sign o f bond fa i lu re  of the re in fo rc in g  s t r ip s .  V e ry  sm all 
o r  ze ro  excess p o re w a te r p re ssu re s  w ere  re c o rd e d  at a ll tim es fo r  lo c a tio n s  le ss  
than one m etre  d is tan t from  the fa c in g . C o n tra ry  to  what was o r ig in a l ly  
a n tic ip a te d  the h o r iz o n ta l p re ssu re s  ac ting  on the w a ll d id  not reduce  s ig n if ic a n t ly  
as p o re w a te r p re s s u re  d iss ipa ted  but rem ained fa i r ly  co ns ta n t. T h is  b e h a v io u r 
was a ttr ib u te d  to  d if fe re n t ia l settlem ents caused by co n so lid a tio n  o c c u r r in g  m ore 
ra p id ly  at the fac ing  un its  w h ich  w ere  backed w ith  a d ra inage  la y e r  as w e ll as to  
changes in  m ob ilised  in te r fa c e  f r ic t io n  between th e .s o il and the re in fo rc e m e n t, 
M u rra y  and Boden ( lo c .c i t ) .  A lthough some evidence was put fo rw a rd  to  
subs tan tia te  the a sse rtio n  tha t the m ob ilised  f r ic t io n  and the te n s io n  deve loped in  
the  re in fo rce m e n t was c o n tro lle d  by e ffe c tive  s tre s s , F ig u re  49 th is  appears to  
be at v a ria n ce  w ith  thepm blished tens ion  d is t r ib u t io n ,  fo r  the same re in fo rc e m e n t, 
g iven  in  F ig u re  50. One unequivoca l o bse rva tio n  was tha t com paction  p lan t has 
a v e ry  s ig n if ic a n t e ffec t on la te ra l p re ssu re s  genera ted at sh a llow  depths o f f i l l .  
F ig u re  51 shows la te ra l p re ssu re s  re co rd e d  by a p re s s u re  c e ll lo ca te d  1.13m 
above the foo ting  of the w a ll.  As can be seen u n til the depth o f f i l l  exceeded 
a pp ro x im a te ly  2.5m  the la te ra l ea rth  p re ssu re s  w ere  dom inated by the e ffe c ts  o f 
com paction p la n t. The re s u lts  of a f in ite  element a na lys is  in c o rp o ra tin g  such e ffc c ls  
a re  a lso  g iven in  F ig u re  51. Above a depth o f f i l l  a ffected  by com paction  p lan t 
the m easured la te ra l p re ssu re s  w ere  in  reasaonb le  agreem ent w ith  those  obta ined  
using a M e y e rh o f.d is tr ib u tio n  associa ted  w ith  K^, the c o e ff ic ie n t o f la te r a l  e a rth  
p ressure , at re s t,, ra th e r  than 'the  c o e ff ic ie n t of a c tive  e a rth  p re s s u re  ..
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The D . o.. E study extended to  the development o f se ve ra l c o n s tru c tio n  sys tem s, 
an in v e s tig a tio n  o f re in fo rcem e n t c o r ro s io n ,  as w e ll as the p u b lic a tio n  o f a 
fo rm a l design m anual. These developm ents w i l l  be cons ide red  in  la te r  se c tio n s .
3 .4  R EC EN T R ESEAR C H
The yea rs  1976 to  1979 w itnessed  a mass onslaught o f re in fo rc e d  e a rth  re s e a rc h  
w ith  s ix  m a jo r con fe rences ahd sym posia being he ld  d u ring  th is  sh o rt p e r io d .
To  re v ie w  e ve ry  c o n tr ib u tio n  in  d e ta il is  beyond the scope of th is  sh o rt te x t and 
would on ly  re s u lt  in  a mere cata logue th e re fo re  co n s id e ra tio n  w i l l  be lim ite d  to  the 
m a jo r in n o va tio n s . W ith  few  excep tions these fa l l  into two m ain ca te g o r ie s  nam ely 
in v e s tig a tio n s  o f fa i lu re  modes and investiga tions of s o il- re in fo rc e m e n t bond.
3 .4 .1  In v e s tig a tio n s  o f F a ilu re  Modes:
I t  has long  been re co gn ise d ! tha t re in fo rc e d  e a rth  w a it  m ight fa i l  th rou g h  e x te rn a l 
in s ta b i l i ty ,  as m ight be su ffe re d  by a conven tiona l g ra v ity  w a ll,  o r  by in te rn a l 
in s ta b il i ty  invoked  by e ith e r  te n s ile  o r  bond fa i lu re  o f the re in fo rc e m e n t, S c h lo s s e r 
and V id a l ( lo c .c i t ) .  H o w e ve r, what was not recogn ised  was tha t the d e n s ity  , 
d is tr ib u t io n  a nd in -se rv ice  s tre s s  le v e ls  of the re in fo rce m e n t m ight a ffe c t the 
lo c a tio n  and form  of fa i lu re  su rfaces  w ith in  and adjacent to  the  re in fo rc e d  e a rth  m ass. 
The fo rm a tion  o f a fa i lu re  su rface  o th e r than tha t assumed in  des ign  cou ld  have 
c a ta s tro p h ic  consequences. F o r  example to  guard  aga inst bond fa i lu re  a l l  des ign  
methods re ly  on the ex is tance  of a ca lcu la te d  bond leng th  extend ing  beyond an 
assumed fa i lu re  su rface  in to  stab le  b a c k f i l l .  I f  the tru e  fa i lu re  s u rfa c e  dev ia tes  
from  tha t assumed the re s u lt  is  e ith e r  an uneconom ical des ign  o r  even w o rse  an 
unsafe des ign .
A  most e n ligh ten ing  in ve s tig a tio n  of such poss ib le  dev ia tions  was c a r r ie d  out at 
Cam bridge U n iv e rs ity  us ing  sm a ll sca le  model w a lls  co n s tru c te d  o f sand and 
a lum inium  fo i l  re in fo rc e m e n t, Sm ith (1977). By us ing  w e ll e s ta b lish e d  ra d io g ra p h ic  
techn iques , James (1973)»it was p oss ib le  to  define ru p tu re  su rfa ce s  w here  the sand 
had d ila te d  and thus become le ss  opaque to  x - r a y s .  T h re e  d if fe re n t ^ re in fo rce m e n t 
arrangem ents w ere  in v e s tig a te d , i )  dense re in fo rc e m e n t, i i )  sh o rt w ide re in fo rcem e n t 
i i i )  long  th in  re in fo rc e m e n t, Sm ith and W roth (1977). The dense re in fo rc e m e n t was 
m odelled by sheets of a lum inium  fo i l p laced in  such a co n ce n tra tio n  tha t the re in fo rc e d  
zone acted as a r ig id  body. R ad iographs re vea led  what appeared to  be a w e ll 
defined a c tive  zone developed at the back of the w a ll.  A s im ple a n a ly s is  re ve a le d  
tha t the s ta b il ity  of the w a ll was governed by the H /L  ra t io  and its  e ffe c ts  on 
o v e r tu rn in g . Smith and B ransby  (1976). T h is  re s u lt  would not be e n t ire ly  un­
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expected since the w a lls  had v e ry  h igh H /L  ra t io s  in  the range 5-10 com pared  
w ith  the m ore n o rm a lly  adopted in -s e rv ic e  ra t io  o f app ro x im a te ly  u n ity .  The 
next re in fo rce m e n t c o n fig u ra tio n  in ve s tig a te d  in vo lve d  w a lls  w ith  sh o rt w ide 
re in fo rce m e n t w here  the ra t io  o f the leng th  to  the to ta l w id th  o f the re in fo rce m e n t 
a c ro ss  the model w a ll was le ss  than 10. In  th is  case a s u b s ta n tia lly  p la n a r 
fa i lu re  su rface  was found to  pass th rough  the toe of the w a ll w ith in  the re in fo rc e d  
e a rth  mass how eve r, th e re  was a d is t in c t in c re a se  in  the slope of the fa i lu re  su rface  
as i t  emerged from  the back of the re in fo rc e d  zone, F ig u re  52. T h is  was 
assoc ia ted  w ith  a zone of h igh s tra in  runn ing  up the back of the w a ll above the 
po in t o f em ergence of the fa i lu re  s u rfa c e . The f in a l case co ns ide re d  long  th in  
re in fo rc e m e n t where the ra t io  o f re in fo rce m e n t leng th  to  to ta l w id th  was g re a te r  
than 10. F o r  th is  c o n fig u ra tio n  the ru p tu re  su rface  a g a in ' passed th rou g h  the toe 
o f the  w a ll,  how eve r, the su rface  was s u b s ta n tia lly  p la n a r and s tee p e r than those 
observed  in  the models w ith  sh o rt w ide re in fo rc e m e n t. F rom  c o n s id e ra tio n  o f the 
e q u ilib r iu m  of the tw o b locks  of s o il shown in  F ig u re  52 a s im ple a n a ly s is  was 
c a r r ie d  out to  de te rm ine  the va lue  of 6 ^  to  g ive the minimum fa i lu re  he igh t fo r  
re in fo rce m e n t o f a known w id th  B and leng th  L . The expe rim en ta l and th e o re t ic a l 
re s u lts  iare shown in  F ig u re  53>as can be seen as L /B  in c re a se s  the va lue  o f B 2  
dec rea se s . The s ig n ifica n ce  of the change in  ©2 can be seen by re fe re n c e  to  
F ig u re  52. As ©2 becom essm aller the fa ilu re  su rface  ED becomes s teepe r; 
the k in k  at the back of the re in fo rc e d  zone becomes le ss  pronounced and d isa pp e a rs  
com p le te ly  i f  the fa ilu re  su rface  is  e n t ire ly  w ith in  the re in fo rc e d  zone. I f  ©2 
becomes la rg e r  i t  e ven tua lly  approaches 9 0 ° , the fa i lu re  mechanism is  then tha t o f 
the re in fo rc e d  zone o v e rtu rn in g  under the ac tion  o f a Coulomb wedge beh ind i t .
I t  is  in te re s t in g  to  re f le c t  tha t in  them odel tes ts  c a r r ie d  out to  fa i lu re  by Lee et a l 
( lo c .c i t )  the observed  va lue  of ©2 of (45 -  0 /2 ) was assoc ia ted  w ith  re in fo rc in g  • 
s tr ip s  g e n e ra lly  having L /B  > 2 0 .
A v e ry  s im ila r  re s u lt  was obta ined by Romstad .et a l (1978) who developed a v e ry  
s im ple a na lys is  to  dete rm ine  the e ffec ts  of re in fo rce m e n t spacing  and fa i lu re  mode 
on the geom etry o f the ru p tu re  s u rfa c e . T h is  a n a ly tic a l in v e s tig a tio n  was lim ite d  
to  g ra n u la r  s o ils  w here fa i lu re  is  defined by equation  (56)
= 2a^’sin 0  /  ( l - s in 0 )   (56)
The a na lys is  assumed a fa ilu re  su rface  made up o f tw o  s tra ig h t l in e s .  The lo w e r  
l in e ,  in c lin e d  at 0 ^  to  the h o r iz o n ta l , passes th rough  the re in fo rc e d  zone c u tt in g .
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the back o f the w a ll at a he ight H 2 above the base, F ig u re  54 . A second lin e
extends from  th is  p o in t, in c lin e d  at ©2 to  the h o r iz o n ta l,  up to  the le v e l of the
top o f the w a ll.  B y co n s id e rin g  the e q u ilib r iu m  o f the mass conta ined  between the
fa i lu re  su rface  and the fro n t o f the w a ll a q u a d ra tic  equation was d e r iv e d  in
. . .  - ^
te rm s  o f (H /L  -  tan 0 ^ )  having c o e ffic ie n ts  that in c lude  the v a r ia b le s  <^,021 I T / y L  
and an assumed la te ra l e a rth  p re ssu re  c o e ffic ie n t K . F o r  g iven  va lues o f 
0 - and assumed va ldes  c flT / y  L and K th e : equation became a sim ple
q u a d ra tic  in  H /L .  B y f ix in g  va lues o f 0 2 and v a ry in g  0 2 _ i t  was
p oss ib le  to  fin d  a c r i t ic a l  va lue  of 0Z co rre sp o n d in g  to  a m in im um  va lue  o f 
H /L .  The e ffe c ts  o f the mode of re in fo rcem e n t fa i lu re  and spacing w ere  
m odelled by tw o  d im ension le ss  pa ram ete rs  w here  A and cr a re  re s p e c tiv e ly  
the c ro s s -s e c tio n a l a rea  and y ie ld  s tre s s  o f a re in fo rc e m e n t. • ‘
C. = 2 b fL /S  S,1 v h
C2 = A <V2bf YL2
S o lu tions  w ere  developed fo r  a range o f the design pa ram ete rs  and C2 to  
s tudy fa i lu re  he igh ts and the geom etry o f the fa i lu re  s u rfa c e s . In  F ig u re  55 the 
s o lu tio n  fo r  H /L  may be v iew ed by tak ing  a g iven va lue  of C2 and no ting  the 
in c re a s e  in  fa i lu re  he igh t a_sCj is  in c re a s e d . T h is  is  equ iva len t to  h o ld ing  a ll 
re in fo rce m e n t param ete rs  constant and s im p ly  d ec reas ing  th e ir  h o r iz o n ta l and 
v e r t ic a l spac ing . A lte rn a t iv e ly  i t  is  p oss ib le  to  hold.Cj constant and c o n s id e r H /L  
as a fun c tio n  o f in c re a s in g  C2 * T h is  is  equ iva len t to  ho ld ing  a ll p a ram e te rs  
constant except in c re a s in g  the y ie ld  fo rc e  ca pa c ity  o f the s t r ip s .  As expected , 
the fa i lu re  height in c re a se s  w ith  decreas ing  spacing o r  in c re a s in g  y ie ld  ca p a c ity  
un less no s tr ip s  reach  y ie ld  at fa i lu re .  The so lu tion  v fo r any g iven  va lue  o f 
w ith  in c re a s in g  C2 becomes h o r iz o n ta l when p u ll-o u t becomes the mechanism  o f 
fa i lu re  fo r  a ll s trip s :.
T y p ic a l fa i lu re  su rfaces  fo r  com binations of C, and C2 a re  i l lu s t ra te d  in  F ig u re  56.
G e n e ra lly  , in c re a s in g  the va lues of and C2 decreases the va lue  o f 0 j .  F o r
a ll va lues o f = 1.0 and C2 > 1.5 the 0 2 va lue was 90°  and the same o b s e rv a tio n
was noted fo r  C2 = 1.0 and C ^ > 1 .5 . In  g e n e ra l, the la rg e r  va lues  o f
and C2 re p re se n t g re a te r percentages o f re in fo rce m e n t re la t iv e  to  the c o n tr ib u tin g
a rea  of s o il and the fa ilu re s  beg in .to  re p re se n t m e re ly  a s lid in g  o f the e n t ire
re in fo rc e d  e a rth  mass as a m ono lith ic  u n it.  As po in ted out by Rom stad et a l ( lo c .c i t ) ,
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la b o ra to ry  te s ts  would n o rm a lly  be designed fo r  sm all va lues o f a n d /o r  
because of low  overbu rden  s tre s s  le v e ls ,  hence they fa i l  w ith  the c la s s ic a l 
Coulomb fa i lu re  plane w h ile  p ro to type  w a lls  a re  designed w ith  la rg e r  va lues 
fo r  and re s u lt in g  in  much d if fe re n t fa i lu re  s u rfa c e s .
U n fo rtu n a te ly  Romstad et a l ( lo c .c i t )  d id  not appear to  in ve s tig a te  the e ffe c ts  o f
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fa c to r  o f sa fe ty  on the geom etry o f p o te n tia l fa i lu re  s u rfa c e s . F rom  re s u lts  o f 
the D .o  .E .  study i t  would appear tha t th is  has co ns ide ra b le  e ffe c t.  F o r  exam ple 
B o lto n  et a l ( lo c .c i t )  found tha t at h igh fa c to rs  o f sa fe ty  the locus o f the maximum 
re in fo rce m e n t tens ions was s u b s ta n tia lly  a v e r t ic a l- l in e  P ./H  back fro m  the face 
o f the w a ll , h ow eve r, in  models taken to  fa i lu re  by te n s ile  f ra c tu re  o f the  
re in fo rce m e n t the fra c tu re s  w ere  found to  o c c u r t a long a c la s s ic a l Coulomb 
p la ne , M u rra y  ( lo c .c i t ) .  S im ila r ly  the TRRL model w a ll tes ts  showed tha t fo r  
a fa c to r  o f sa fe ty  o f 2 .5  maximum tens ions o c c u rre d  w e ll back from  the fac ing  
w h ils t fo r  a fa c to r  o f sa fe ty  o f 1.1 the maximum tens ions o c c u rre d  a t, o r  v e ry  
c lose  to , the fa c in g .
The LCPC have long been aw are tha t the locus fo r  maximum re in fo rc e m e n t tens ions  
does not co in c ide  w ith  the Coulomb p lane . F ig u re  57 shows the re s u lts  fo r  s ix  
fu l l- s c a le  w a lls  p resen ted  by S ch lo sse r (1978). As can be seen the lo c i a re  
s u b s ta n tia lly  v e r t ic a l in  the upper sections o f the w a lls  w ith  a gen tle  c u rv e  in  the 
lo w e r sections b r in g in g  the lo c i th rough  o r  c lose  to  the toes o f the w a lls .  H o w e ve r, 
i t  must be rem em bered tha t these re s u lts  come from  w a llsope ra ting  at th e ir  in -  
s e rv ic e  s tre s s  le v e ls  at w h ich  th e re  would be a fa c to r  o f sa fe ty  o f at le a s t tw o  
aga ins t fa i lu re .  D esp ite  th is  fac t the LCPC em barked upon a th e o re t ic a l a n a lys is  
assum ing a lo g -s p ira l fa i lu re  plane w h ich  in  the upper h a lf o f the w a ll is  a 
s u b s ta n tia lly  v e r t ic a l lin e  0 .3H  back from  the face  of the w a ll,  ju ra n  (1977).
The a na lys is  fu r th e r  assumes tha t the toe of the w a ll ro ta te s  about the top o f 
the w a ll,  Juran and S ch losse r (1978). The v a lid ity  of such an a n a lys is  is  v e ry  
dubious since many re s e a rc h e rs  have observed  tha t w a lls  c o n s is te n tly  ro ta te  
a c tiv e ly  about th e ir  toe s , Lee et a l (L o c .c it ) ,  F in la y  ( lo c .c i t ) ,  A l H u ssa in i and 
Johnson (1978), M agyarne et a l (1979).
A poss ib le  exp lana tion  fo r  the geom etry o f the in -se rv ice  " fa i lu re  s u r fa c e "  was g iven 
by B asse tt and Last ( lo c .c i t ) .  I t  was argued tha t p o te n tia l s lip  o r  ru p tu re  p lanes 
a re  co inc iden t w ith  so ca lle d  "  ze ro  extens ion  l in e s " .  In  the case o f a r ig id  
smooth w a ll ro ta ting  a c tiv e ly  about its  toe one fa m ily  o f ze ro  ex tens ion  lin e s  
co inc ide  w ith  the fa m ilia r  p la n a r fa i lu re  su rface  in c lin e d  a t ' A5 + 0 /2  to  the h o r iz o n ta l..
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H ow ever when h o r iz o n ta l re in fo rce m e n t is  in tro du ce d  the com para tive  r ig id i t y  
o f such in c lu s io n s  induces a fa m ily  o f h o r iz o n ta l ze ro  ex tens ion  l in e s .  The 
conjugate  fa m ily  o f ze ro  extension  lin e s  a re  v e r t ic a l and as such c o n s titu te  the 
observed  v e r t ic a l sec tion  o f the " fa i lu re  p la n e ".B a sse tt and Last suggested tha t 
the cu rve d  lo w e r sec tion  of the fa i lu re  p lane m ight be caused by y ie ld in g  o f the 
re in fo rc e m e n t. S uch  y ie ld in g  would o f cou rse  no lo n g e r q u a lify  the p lane of 
the re in fo rce m e n t as a ze ro  extens ion  p lane w hich on such y ie ld in g  would ro ta te  
back to  an in c lin a tio n  nea r to  45 + 0 /2  to the h o r iz o n ta l.
3 .4 .2  In v e s tig a tio n s  of S o il-R e in fo rc e m e n t B ond :
In  des ign ing  a re in fo rc e d  e a rth  w a ll i t  is  nece ssa ry  to  make an assessm ent o f the 
l ik e ly  bond s tre s s  and hence e ffe c tive  leng th  of the re in fo rce m e n t co n s is te n t w ith  
adequate p u ll-o u t re s is ta n c e . S ince the f i l l  g e n e ra lly  used in  re in fo rc e d  e a rth  is  
o f a g ra n u la r na tu re  the bond between s o il and re in fo rce m e n t is  f r ic t io n a l and as 
such depends on the ambient norm a l s tre s s  le v e l,  or , and the c o e ff ic ie n t o f s o i l -  
re in fo rce m e n t f r ic t io n ,  f .  E a r ly  in v e s tig a tio n s  o f th is  c o e ff ic ie n t o f f r ic t io n  made 
use of the conven tiona l shear box w ith  a sample o f the re in fo rce m e n t mounted flu s h  
w ith  the shearing  su rface  of one box and s o il f i l l in g  the o th e r h a lf o f the box , 
S c h lo sse r and V id a l(  lo c . c i t ) .  F ig u re  58 shows re s u lts  tha t a re  ty p ic a l o f th is  
type  o f te s t .  As can be seen th e re  is  a l in e a r  re la t io n s h ip  between the maximum 
m o b ilised  bond s tre ss  and norm a l s tre s s  g iv in g  r is e  to  a constant angle o f bond 
s tre s s  6 w here tan 6 = f .  R esu lts  fo r  the smooth re in fo rc in g  s t r ip  tes te d  
in  a sand w ith  0 = 43°show aqu ite  modest angle o f bond s tre s s  o f 2 5 ° , f  = 0 .4 7 .  
C onverse ly  w ith  the re in fo rce m e n t machined w ith  tra n s v e rs e  g ro o ve s , a p p ro x im a te ly  
0.5mm deep , th e re  is  a ra d ic a l in c re a se  in  & to  4 0 ° , f  = 0 .8 4 . A s a consequence 
o f th is  the e a r ly  design methods assumed tha t f  = 0 .4  fo r  f i l l  w i th le s s  than 15% 
f in e r  than 80 m ic ro n s . A h ig h e r c o e ff ic ie n t cou ld  on ly  be used i f  su bs ta n tia te d  
by te s t in g , S ch lo sse r (1973). On th is  bas is  the bond s tre s s  a c ting  on a 
re in fo rce m e n t at a depth z was taken to  be 0 .4 Yz.
I t  was apparent tha t the s im ple shea r box test d id  not model the b e h a v io u r o f a 
s t r ip  sub jected to  a te n s ile  load thus a m ore re a l is t ic  in v e s tig a tio n  was conducted 
by the LC P C , M evellec (1977). T h is  in vo lved  p u ll-o u t tes ts  on s tr ip s  o f r e in fo r c e ­
ment from  a model embankment 600mm h ig h , F ig u re  59. A l l  o f the re in fo r c in g  
s tr ip s  w ere  led  out th rough  the shou lde r o f the embankment v ia  a smooth p la s tic  
tube so tha t the gauge leng th  o f each re in fo rce m e n t was acted upon by a cons tan t 
ove rbu rden  depth generated in  the main body of the model embankment. Some o f 
the s tr ip s  had th e ir  fre e  ends encased in' a fu r th e r  smooth p la s tic  tube embedded in
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the body of the f i l l .  T h is  ensured  a constant exposed gauge le n g th . The 
re in fo rc in g  s t r ip s ,  w h ich  w ere  made of smooth b ro nze , w ere  0.2mm th ic k ,  150mm 
w ide and e ith e r  800mm c r  1000mm lo n g . P r io r  to  conducting  the p u l l-o u t  te s ts
the bond s tre s s  c h a ra c te r is t ic s  w ere  m easured in  the shear box . U s ing  a
3 • • •  •
F on ta ineb leau  sand at a d ry  un it w e ight o f 17 .3kN /m  the angle o f bond s tre s s  was
Pound to  be 27°» tan 6= 0 .5 1 5 com pared to  0 = 47° fo r  the sand a lo ne , A lim i et
a l (1977). The f i r s t  s e rie s  *of p u ll-o u t te s ts  was used to  in v e s tig a te  the e ffe c ts
o f s o il d e n s ity . In  in te rp re t in g  the p u ll-o u t te s t re s u lts  the LCPC in tro d u ce d
an apparent c o e ff ic ie n t o f f r ic t io n  f * ,  equation (5 7 ), d e rive d  from  know ledge o f
the p u ll-o u t fo rc e , F ,  the embedded leng th  L , ove rbu rden  yh and re in fo rc e m e n t
w id th  b .
f *  = —  .........   (57)
y h  2bL
The re s u lts  o f these te s ts  a re  sum m arised in  Tab le  1 fo r  a re in fo rc e m e n t le n g th  o f 
1000mm under an overbu rden  he ight , h , o f 150mm
TA B LE  1: R ESU LTS  OF P U LL-O U T T E S T S
DRY DENSITY 
Mg/m
tan 0 f
(Shear box)
f *
(Peak) (Peak)
f *
(Residual)
e%
(Residual)
1.56 0.50 0.34 0.30 0.2 0.17 10.0
1.66 0.70 0.38 0.54 0.6 0.30 11.0
1.76 1.07 0.51 2.50 18.0 2.36 24.0
I t  was observed  tha t at lo w  den s ity  the peak va lue of f *  was obta ined  at sm a ll 
d isp lacem ents o f ty p ic a lly  2mm whereas at h igh  d e n s ity  the peak was ob ta ined  a fte r  
much g re a te r d isp lacem en t, ty p ic a l ly  160mm. The most s tr ik in g  e ffe c t o f h igh  
dens ity  was the g re a tly  enhanced va lue  o f f *  w hich rose  from  0 .3 0  at a d ry  d e n s ity  
o f 1.56 to 2 .5 0  at a d en s ity  o f 1.76M g/m  . T h is  was a ttr ib u te d  to  d ila ta n c y  e ffe c ts .
A fu r th e r  s e rie s  o f tes ts  was c a r r ie d  out to  dete rm ine  the e ffe c ts  o f s t r ip  w id th .
The re s u lts  w ere  somewhat in co n c lu s ive  s ince a lthough fo r  o ve rbu rd e n  he igh ts  
le ss  than 180mm th e re  was a w e ll de fined decrease  in  f *  w ith  in c re a s in g  w id th  th e re  
was no d is c e rn ib le  re la tio n s h ip  fo r  ove rbu rden  he igh ts  above 180mm-. T h is
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tendancy fo r  f *  to .dec rease  w ith  w id th  was la te r  con firm ed  by B aco t et a l (1978), 
F ig u re  60.
P u ll-o u t tes ts  have a lso  been c a r r ie d  out at fu l l  s ca le , A lim i et a l ( lo c .c i t )  
to  in ve s tig a te  the e ffe c ts  of embedded le n g th , ove rbu rden  and s t r ip  roughness .
The in flu en ce  of s t r ip  roughness has been stud ied  in  some 500 p u ll-o u t tes ts  
conducted by the R e in fo rce d  E a rth  Companies in  F ra n ce  and S pa in . T w o  types of 
re in fo rce m e n t have been used in  these te s ts , F ig u re  61:
i )  P la in  ga lvan ised  s tee l s t r ip s .
i i )  R ibbed  ga lvan ised  s tee l s t r ip s .
T y p ic a l lo a d -d isp lacem en t cu rve s  a re  shown in  F ig u re  6.1. As can be seen the peak 
re s is ta n c e  fo r  the r ib b e d  s t r ip  is  h ig h e r than tha t fo r  the  smooth s t r ip ,  h o w e ve r, 
th is  h ig he r peak o ccu rs  at a d isp lacem ent o f app rox im a te ly  50mm com pared to  5mm 
fo r  the smooth s t r ip .  F o r  both types o f re in fo rcem e n t the va lue o f f *  was g re a te r  
than tan 0 m easured using a shea r box.
The e ffe c ts  of re in fo rcem e n t length  have been re p o rte d  by s e v e ra l in v e s tig a to rs ,  
A lim i (1978), Bacot et a l ( lo c .c i t ) ,  S ch lo sse r and E lia s  (1978).
R e ference  to  F ig u re  62 shows the re s u lts  of fu l l  sca le  p u ll-o u t te s ts  on H ighw ay 39, 
Chang (loc.d t) and the Sato las w a ll,  A lim i et a l ( lo c .c i t ) .  As can be seen f *  shows 
a w e ll defined in c re a se  w ith  in c re a s in g  embedded le n g th . T h is  re la t io n s h ip  was 
c o rro b o ra te d  in  model tes ts  c a r r ie d  out by Bacot et a l (1978), F ig u re  6 3 . No 
s a tis fa c to ry  exp lana tion  o f th is  phenomenon was advanced by the re p o r te rs ,  
hov/ever, an ana lys is  p resen ted  by N a y lo r and R ich a rd s  (1977), suggests tha t a 
co ns ide ra b le  amount o f s lip  o ccu rs  at the end o f the s t r ip  sub jected  to  the p u ll-o u t 
lo a d . I f  th is  leng th  is  se ns ib ly  constant fo r  a given set o f s o il and re in fo rc e m e n t 
param ete rs  i t  fo llo w s  tha t the apparent c o e ff ic ie n t of f r ic t io n ,  w h ich  is  ca lc u la te d  
from  the to ta l embedded le n g th , would appear to  in c re a se  fo r  lo n g e r embedded 
le n g th s . I t  appears from  the re s u lts  fo r  the S ato las w a ll tha t fo r  embedded 
lengths g re a te r  than 6m the value of f *  le v e ls  o ff .  T h is  is  a lm ost c e r ta in ly  due to  
lo c a l y ie ld in g  in  the re in fo rc e m e n t.
R esu lts  from  fu l l  sca le  tes ts  to  de te rm ine  the e ffe c ts  o f ove rbu rd e n  p re s s u re  show 
s tagge ring  va lues of f *  fo r  r ib b e d  re in fo r c e m e n tS c h lo s s e r  and E lia s  ( lo c . c i t ) .  ■
59
A com parison  of ty p ic a l re s u lts  fo r  rib b e d  and smooth re in fo rce m e n t is  g iven  in
F ig u re  64. I t  can be seen tha t fo r  an overbu rden  depth o f one m e tre , a
2 v = 21kN/m , the va lue  o f f *  r is e s  to  app ro x im a te ly  2 fo r  smooth re in fo rc e m e n t
and 7 fo r  r ib b e d  re in fo rc e m e n t. M c K it t r ic k  (1978) has a ttr ib u te d  th is  to
d ila ta n c y . T h is  is  p oss ib le  in  the case of the smooth re in fo rce m e n t w here  6
is  some 17° g re a te r than 0 T o r an overbu rden  of one m e tre . H o w e ve r, i t  seems
h ig h ly  u n lik e ly  tha t d ila ta n cy  would account d ire c t ly  fo r  the 36° enhancement
re co rd e d  fo r  the rib b ed  re in fo rc e m e n t. T h is  hypo thes is  is  borne  out by C o rn fo r th
(1973) and Ponce and B e ll (1971) who a ttr ib u te d  an in c re a se  in  0 o f 17°,
cv
or le s s ,  C o rn fo r th  (1961), due to  d ila ta n c y . A m ore fea s ib le  exp lana tion  o f th is  
behav iou r was la te r  o ffe re d  by G u illo u x  et a l (1979) who suggested tha t • 
d ila ta n c y  o ccu rs  in  a co m p a ra tive ly  sm a ll zone in  the im m ediate v ic in i t y  o f the 
re in fo rc in g  s t r ip .  A rc h in g  o ccu rs  a c ro ss  the s t r ip  by w hich the am bient back­
f i l l  suppresses the vo lu m e tr ic  expansion n o rm a lly  assoc ia ted  w ith  d ila ta n c y . T h is  
suppressed d ila ta n cy  re s u lts  in  a lo c a lly  enhanced v e r t ic a l s tre s s ,  F ig u re  65 , 
w h ich  g ives r is e  to  an in c re a se d  p u ll-o u t re s is ta n c e  and hence an enhanced apparent 
c o e ff ic ie n t o f s o il- re in fo rc e m e n t f r ic t io n .  T h is  hypo thesis v/as co n firm e d  by the 
re s u lts  from  a s e rie s  of constant volume shear box te s ts  on sand. The lo a d in g  
p la tte n  of the shear box was c o n tro lle d  by a se rvo  mechanism w hich a u to m a tic a lly  
in c re a se d  the v e r t ic a l s tre s s  le v e l to  suppress v o lu m e tr ic  expansion o r  c o n v e rs e ly  
decreased the v e r t ic a l s tre s s  le v e l to  p reven t v o lu m e tr ic  c o n tra c t io n . The re s u lts  
o f these te s ts  a re  shown in  F ig u re  66 tog e the r w ith  the envelope of fu l l  sca le  
p u ll-o u t tes t re s u lts .  As can be seen the constant volume shea r box te s ts  
c o rro b o ra te  the f ie ld  te s t re s u lts .
The vast m a jo r ity  of stud ies o f s o il- re in fo rc e m e n t bond have been ra th e r  s ta id  in  
so fa r  as they have been lim ite d  to  h o r iz o n ta l la y e rs  o f s t r ip  re in fo rc e m e n t. Some 
re fre s h in g  and p rom is in g  dev ia tions  from  th is  path have been made by Chang et a l 
(1977a,1977b) B irg is s o n  (1978), and Sm ith a n d B irg is s o n  (1979). The fo rm e r 
in ve s tig a te d  the p u ll-o u t c h a ra c te r is t ic s  o f s tee l mesh re in fo rce m e n t o b ta in in g  the 
ty p ic a l resu lts  shown in  F ig u re  67. D esp ite  the fac t tha t the te s ts  w e re  c a r r ie d  
out in  a g ra n u la r  s o il a bond adhesion has been a ttr ib u te d  to  the re in fo rc e m e n t 
at low  s tre s s  le v e ls .  T h is  is  o bv iou s ly  e rro n e o u s , how ever the te s ts  do s e rve  to  
i l lu s t ra te  tha t meshes a re  p o te n tia lly  much m ore e f f ic ie n t  than s t r ip s  in  deve lop ing  
bond s tre s s . B irg is s o n  has c a r r ie d  out some v e ry  s im ple yet v e ry  in fo rm a tiv e  
model w a ll tes ts  in  which in c lin  a l re in fo rce m e n t h?s been used. The obse rved  
varia tion  in  fa i lu re  height w ith  re in fo rcem e n t in c lin a tio n  is  re p ro du ce d  in  F ig u re  68 .
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As can be seen the observed  fa i lu re  height obta ined maxima fo r  re in fo rce m e n ts  
s lop ing  at 10° from  the fac ing  to  the back of the re in fo rc e d  zone. T h is  s im ple  
amendment appears to  g ive  a 10% to  15% in c re a se  in  fa i lu re  h e ig h t, com pared 
to  h o r iz o n ta l re in fo rc e m e n t, as w e ll as easing the p rob lem  o f in s ta l l in g  und e r­
ground se rv ic e s  at the back of the w a ll.
%
3 .5  CUR RENT D E S IG N  AND C O N S TR U C TIO N  SYSTEM S 
A lthough  re s e a rc h  is  conducted w o r ld -w id e  th e re  a re  in  fac t o n ly  tw o main 
system s used in  c u rre n t co n s tru c tio n  these a re  the T e r re  A rm ee sys tem , due to  
V id a l and the D .o  .E  o r  Y o rk  system , due to  Jones. The fc rm e r  system  is  used 
u n iv e rs a lly , h o w e v e r, the la t te r  system  is ,  to da te , lim ite d  to  use in  the U n ite d ’ 
K ingdom . Both system s have been b o ls te re d  by ex tens ive  : re s e a rc h  and 
developm ent program m es cu lm ina ting  in  the issue  o f fo rm a l des ign  d ire c t iv e s .
The bas ic  re qu irem en ts  a re  the same in  both system s w ith  the need fo r  a fa c in g  
u n it,  to  p re ven t su rface  e ro s io n , a s e rie s  of re in fo rc in g  s t r ip s ,  g e n e ra lly  
m e ta llic ,  and su itab le  b a c k f i l l .  A d d it io n a lly  i t  is  n ecessa ry  to  in c o rp o ra te  a 
mechanism w hich p e rm its  the f i l l  and assoc ia ted  re in fo rc in g  s tr ip s  to  s e ttle  
w ith o u t induc in g  unacceptab le  s tre sse s  in  the fac ing  un its  o r  the connection  
between the fac ing  un its  and the re in fo rc in g  s t r ip s .
3 .5 *1 . The V rd a l-T e r re  *4.rmee System:
V id a l developed tw o system s fo r  c o n s tru c tin g  re in fo rc e d  e a rth  w a lls .  The f i r s t ,  
shown in  F ig u re  22, com prises  s e m i-e ll ip t ic a l c ro s s -s e c tio n  fa c in g  u n its ,  ty p ic a l ly  
250mm h ig h , w h ich  have a lo ca tin g  s lo t form ed along the bottom edge. R e in fo rc in g  
s tr ip s  a re  connected to  the un its  by bo lts  passing th rough  the s t r ip  and the 
in te r lo c k in g  edges of the fac ing  u n its . The standard  u n its  a re  s t ra ig h t ,  m easure 
up to  10m lo n g , and weigh 115kg. S h o rte r  un its  and spec ia ls  a re  supp lied  to  fo rm  
c o rn e rs .  M ild  s tee l and ga lvan ised  m ild  s tee l a re  s tandard  c o n s tru c tio n  m a te r ia ls ,  
these being ty p ic a lly  1.5mm to  3.0mm th ic k , . These th icknesses  a re  co n s is te n t 
w ith  a v e r t ic a l un it s tiffness tha t allows fle xu re  under v e r t ic a l lo a d . I f  the b a c k f i l l  
and re in fo rc in g  s tr ip s  s u ffe r in te rn a l se ttlem ent th is  v e r t ic a l movement is  
re fle c te d  in  the fac ing  un its  w h ich  com press ; lik e  a be llow s so o b v ia tin g  h igh 
s tre sse s  at the re in fo rcem e n t connections that would o th e rw ise  be induced  by 
d if fe re n t ia l settlem ent between the f i l l  and the fac ing  u n its .
The m etal fac ing  un it has now been la rg e ly  superseded by a m ore s u b s ta n tia l p re ca s t, 
co ncre te  u n it,  F i gure  69, w h ich  is  c ru c ifo rm  shaped in  fro n t e le v a tio n . • S tanda rd^
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un its  weigh a pp rox im a te ly  one tonne and a re  1.5m by 1.5m w ith  a to ta l th ickn e ss  
o f 180mm.. A l l  edges o f the un it a re  reba ted  to  obv ia te  any s tra ig h t th rou g h  jo in ts  
w ith  the reba tes  doub ling  as guide r a i ls  to  fa c i l ita te  a lignm ent o f the  u n its  
d u r in g  c o n s tru c tio n . A fu r th e r  a id  to  a lignm ent is  in  the fo rm  of a dow el b a r 
extending from  the upper and lowerjodge o f one arm  o f the c ru c ifo rm  . These 
dow els  a re  a lso  used as p ivd t po in ts  fo r  the c o n s tru c tio n  of cu rve d  w a lls .  Each 
u n it is  fu rn ish e d  w ith  fo u r s tee l lu g s , cas t in s itu  d u r in g  m anu fac tu re . These lu g s , 
w h ich  a re  u su a lly  at lm  h o r iz o n ta l and 0.75m  v e r t ic a l c e n tre s , a re  d r i l le d  to  take  
the re in fo rc in g  s t r ip  . connecting  b o lts .  D u rin g  co n s tru c tio n  a s t r ip  o f co m p re ss ib le  
f i l l e r ,  such as c o rk  board  is  la id  on the back edge of the h o r iz o n ta l jo in ts  b e fo re  
the next u n it is  p laced . F requen t use is  made of tem p o ra ry  wedges to  fo rm .a n ' 
open jo in t and a id  v e r t ic a l a lig n m e n t. These co n s tru c tio n  techn iques a llo w  the 
fac ing  u n it to  com press v e r t ic a l ly  in  sym pathy w ith  any in te rn a l se ttlem en t o f the 
f i l l .
The re in fo rc in g  s tr ip s  a re  a lm ost e x c lu s iv e ly  m e ta l, u su a lly  ga lvan ised  s te e l.  Up 
u n t il 1975 p la in  s tr ip s  60mm o r  80mm w ide and 3mm th ick w e re  in  common use.
These ve re  subsequently superseded by rib b ed  s t r ip s  40mm o r  60mm w ide  and 
5mm th ic k ,  S ch lo sse r and E lia s  ( . lo c . c i t ) .  In  e x trem e ly  c o r ro s iv e  f i l l  
environm ents s ta in le ss  s tee l may be used. The e ffe c t and ra te s  o f c o r ro s io n  a re  
s t i l l  not to ta lly  p re d ic ta b le ,h o w e v e r, re ce n t re s e a rc h  w o rk  suggests tha t the 5mm 
th ic k  ga lvan ised  s tee l s tr ip s  o ffe r ,  a s e rv ic e  l i fe  in  excess o f 100 y e a rs  in  a l l  but 
the most a gg ress ive  env ironm en ts , D a rb in  et aK l978 ). S u itab le  f i l l  m a te r ia l is  
g e n e ra lly  o f a g ra n u la r na tu re  w ith  a l im it  o f no m ore than 15% f in e r  than 80 m ic ro n s . 
The maximum p a r t ic le  s ize  is  re s t r ic te d  to  350mm w ith  no m ore than 25% o f the f i l l  
be ing c o a rs e r than 150mm, Long (1977).
The c u rre n t design methods adopted by the R e in fo rce d  E a rth  Company have been 
set out in  the papers p resen ted  at the 1978 Sydney C onference by both S c h lo s s e r 
and M c K it t r ic k .
F o r  h o r iz o n ta l and v e r t ic a l s t r ip  spacings S^ and Sv the s t r ip  ten s io n  at any depth 
z. is  g iven by equation  (58) w here a is  the v e r t ic a l s tre s s  c a lc u la te d  us ing  
M eye rho f's  d is tr ib u t io n  and K is  an e a rth  p re s s u re  c o e ff ic ie n t g iven  by equa tion  (59)
F o r  z <  6m
K -  K + z (K - K  ) /6  o a o (59a)
F o r  z >6m
K = \  . . . . . . . . . ( 5 9 b )
T h is  v a r ia t io n  o f K w ith  depth was d e r ive d  e m p ir ic a lly  from  o b se rva tio n  o f 
se v e ra l fu l l  sca le  w a lls ,  F ig u re  70 . No in d ic a tio n  was g iven as to  a p p ro p ria te  
fa c to rs  o f sa fe ty  aga inst tens ile  fa i lu re  o r  a llow ance fo r  c o r ro s io n .  H o w e ve r, in  
e a r l ie r  w o rk , S ch lo sse r (1976), a fa c to r  o f sa fe ty  Of th re e  was app lied  to  
u ltim a te  te n s ile  s tre ng th  fo r  ga lvan ised  s te e l. C on.tem porary w o rk  by D a rb in  
( lo c .c i t )  stated th a t, fo r  norm a l co nd itions  a lo ss  o f 1.17mm p e r s ide  m ight be 
assoc ia ted  w ith  a design l i fe  o f 100 y e a rs .
In  des ign ing  aga inst bond fa i lu re  the e ffe c tiv e  bond leng th  is  tha t p ro je c t in g  beyond 
the id e a lis e d  " fa i lu re  s u rfa c e " shown in  F ig u re  71. The c o e ff ic ie n t o f f r ic t io n  is  
taken  to  be 0 .4  fo r  p la in  s tr ip s  and tan 0 fo r  r ib b e d  s t r ip s ,  S c h lo s s e r and E lia s  
( lo c .c i t ) .  F o r  ove rbu rden  he igh ts  le ss  than 6m f *  is  assumed to  reduce  l in e a r ly  
fro m  u n ity  at the fre e  su rface  to  tan 0 at a depth o f 6m. T a k in g  a fa c to r  o f 
sa fe ty  o f 1 .5  aga inst bond fa i lu re  the re q u ire d  bond le n g th , L& , at each depth z 
is  ca lcu la te d  from  e quation  (60 ), S c h lo sse r and E lia s  ( lo c .c i t ) .
L . = 1 -5 T s  (60)a -----------
2 b f* r z
H aving  designed fo r  in te rn a l s ta b il ity  the s tru c tu re  must o f co u rse  be checked 
( fo r  e x te rn a l s ta b il i ty .
3 .5 * 2 .  The Y o rk  System -  D . o .E .
T h is  system , w h ich  was la rg e ly  developed by Jones ( lo c .c i t )  uses fa c in g  u n its  
made o f g lass re in fo rc e d  cement g iv in g  an e x trem e ly  l ig h t .weight o f 18kg p e r u n it.  
The un its  take the fo rm  o f an hexagon based pyram id  225mm deep and 600mm a c ro ss  
the f la ts .  One p a ir  of d ia m e tr ic a lly  opposite  flanges on each u n it is  d r i l le d  w ith  
la rg e  d iam ete r holes w h ich  a llo w  the un it to  be th readed  onto v e r t ic a l guide po les 
F ig u re  72. The v e r t ic a l p o le s ,' which se rve  sz face re in fo rce m e n t a re  made up 
o f sh o rt lengths of 35mm d iam ete r PVC tu b in g 'w ith  sp igot and socket co n n e c tio n s . 
In  the fin ish e d  w a ll these poles a re  re in fo rc e d  w ith  m ild  s tee l b a rs  g ro u te d " in s itu
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to  re n d e r the v e r t ic a l pde  r ig id .  The re in fo rc e m e n t, w h ich  is  again  in  the
fo rm  of s t r ip s ,  is  d r i l le d  w ith  one hole at one end w hich a llo w s  the re in fo rc e m e n t
to  be th readed  onto the v e r t ic a l pole at the re q u ire d  v e r t ic a l spac ing . When any
se ttlem ent o ccu rs  in  the f i l l  and assoc ia ted  re in fo rc in g  s tr ip s  the "a tta ch e d ”
end o f the re in fo rcm e e n t s im p ly  s lid e s  down i ts  v e r t ic a l pole thus o b v ia tin g  any
se ttle m e n t induced s tre sse s  at th is  connec tion .•
A l l  aspects o f the design and s p e c ifica tio n s  fo r  the component p a r ts  o f re in fo rc e d  
e a rth  w a lls  a re  c le a r ly  set out in  the D epartm ent o f T ra n s p o rt document 
T e ch n ica l Memorandum (B r id g e s ) B . E . 3/ 78 . P e rm itte d  re in fo rc in g  m a te r ia ls  
in c lu d e  a lum inium  a llo y ,  ga lvan ised  ca rbon  s te e l, coppe r and p r o p r ie ta r y  m a te r ia l. 
aw arded an Agreem ent B oa rd  C e r t if ic a te .  Two re in fo rc in g  s t r ip s  fa l l in g  in to  th is  
la t te r  ca te g o ry  a re  F ib re ta in ,  a g la s s - f ib re  re in fo rc e d  p la s tic  and P a raw eb , a 
l in e a r  com posite  o f T e ry le n e  f ib re  co re s  in  an A lka thene  shea th . The a llow ance  
made fo r  c o rro s io n  o f the m e ta llic  re in fo rce m e n t d u rin g  the sp e c ifie d  120 y e a r 
design  l i f e  is  dependent on+he class o f b a c k f i l l  used, Tab le  2 .
T A B LE  2 CORRO SIO N ALLOWANCES
MATERIAL THICKNESS TO BE ALLOWED FOR ON EACH SURFACE EXPOSED TO CORROSION (mm)
FRICTIONAL FILL COHESIVE FRICTIONAL FILL
ALUMINIUM ALLOY 0.15 0.30
COPPER 0.15 0.30
GALVANISED STEEL 0.75 1.25
STAINLESS STEEL 0.10 0.20
Both  f r ic t io n a l and cohesive  f r ic t io n a l f i l l  a re  lim ite d  to  a maximum p a r t ic le  
s ize  o f 125mm, how ever i t  is  sp e c ifie d  that f r ic t io n a l f i l l  sh a ll not c o n ta in  m ore than 
10% passing  the 63 m ic ron  s ie ve . C o n ve rse ly  the so -ca lled  c o h e s iv e - fr ic t io n a l 
f i l l  may con ta in  more than 10% f in e r  than th is  s ize  p rov ided  tha t the  liq u id  l im it  
and p la s t ic ity  index do not exceed 45% and 20% re s p e c t iv e ly .  H ow eve r the c la y  
f ra c t io n ,  i . e .  2 m icrons and f in e r ,  is  lim ite d  to  a maximum o f 10%. The 
c o e ff ic ie n t o f f r ic t io n  between the s o il and the re in fo rce m e n t may e ith e r  be m easured 
d ire c t ly  us ing the shear box o r  taken from  the e xp ress io n  p = cxtan 0 w he re  ct 
is  in  the range 0 .4 6  -  0 .5 0 . • The leng ths  of the v a r io u s  re in fo rc e m e n ts  a re  
dete rm ined  by c a lc u la tio n ,h o w e v e r, in  no’ c ircum stance  is  the re in fo rc e m e n t leng th  
to  be le ss  than the g re a te r o f 0 .8 H  o r  5m.
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The design method fo r  check ing  in te rn a l s ta b il ity  is  a v e ry  co n se rv a tiv e  com posite  
in v o lv in g  both the Rankine and Coulomb m ethods. F ir s t  a check is  made on the 
s ta b il ity  o f each la y e r  by c a lc u la tin g  the maximum te n s ile  fo r c e , , p e r  m e tre
ru n  o f w a ll,  to  be re s is te d  in  the ith  la y e r .  T h is  fo rc e  is  taken  to  be the sum 
o f the tens ions c re a te d  by fiv e  poss ib le  lo a d in g s , equation  (61)
T i  = T l  + T 2 + T 3 + ^  + T 5   (61)
due to ove rbu rden  equals K ^ y  z^
due to  un ifo rm  su rch a rge  q at top o f w a ll
T ^ : due to  s t r ip  loa d in g  at top o f w a ll
T .: due to  h o r iz o n ta l load ing  at top o f w a ll
4
T j-: due to  bending moment caused by e x te rn a l load ing  on w a ll.
I t  is  apparent from  the e xp ress io n  g iven fo r  T ^  tha t the bending moment re fe r re d  
to  is  tha t genera ted by la te ra l th ru s t at the back o f the re in fo rc e d  e a rth  w a ll.
H aving  eva luated T^ a check is  made to  ensure  aga inst te n s ile  fa i lu re  and p u ll-o u t  
fa i lu re .  The re q u ire d  re in fo rcm e n t p e r im e te r p p e r m etre  ru n  o f w a ll is  
ca lcu la te d  from  equation (62) w h ich  , somewhat o d d ly , in c o rp o ra te s  the to ta l le n g th , 
L^, o f each re in fo rce m e n t in  the ith  la y e r .  The fa c to r  o f 2 is  a fa c to r  o f sa fe ty  on 
j i  -  ectan 0
2T.
Pi  = ----- -—   (62)
jiL .(y z .+ q )
Once the s ta b il ity  o f each and e ve ry  la y e r  of re in fo rcem e n t has been checked the 
o v e ra ll s ta b il ity  o f se ve ra l t r ia l  wedges is  checked using a g ra p h ic a l m ethod.
The proposed te ch n iq u e s  il lu s t ra te d  in  F ig u re  73 fo r  a s im ple w a ll loaded by a 
un ifo rm  su rch a rge  q and the se lf w eight of> the b a c k f i l l .  As can be seen a fa m ily  
o f p o te n tia l fa i lu re  su rfaces  a re  assumed to  o r ig in a te  from  the face o f the w a ll at 
a depth z S eve ra l in c lin a tio n s  a re  assumed fo r  the fa ilu re  su rface  i . e .  f i y  
$ 2  e tc * F o r  each va lue o f fb a. t r ia n g le  of fo rc e s  is  d raw n  to  de te rm ine  T the 
to ta l te n s ile  farce to  be re s is te d  by the re in fo rce m e n ts  cut by the fa i lu re  p lane 
under c o n s id e ra tio n . By eva lua ting  T fo r  se ve ra l t r ia l  va lues o f /3 i t  is  p o ss ib le  to
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w here :
T
dete rm ine  a c r i t ic a l  va lue of /3 assoc ia ted  w ith  a maximum va lue  o f T .  T h is
maximum va lue of T is  com pared w ith  both the a llow ab le  te n s ile  and p u ll-o u t
re s is ta n c e  o f the re in fo rc in g  s tr ip s  w ith in  the depth z ^ .  In  th is  case the leng th
o f each re in fo rcem e n t cons ide re d  is  the e ffe c tive  bond leng th  L . extend ing  beyondai
the p o te n tia l fa i lu re  plane under c o n s id e ra tio n , Equation (63) 
m
T <  X. + q)   (63)
i= l
S a tis f ie d  tha t s ta b il i ty  is  ensured at depth z \  a fu r th e r  fa m ily  o f p o te n tia l fa i lu re  
p lanes is  in ve s tiga ted  fo r  ano the r va lue of z . . In  fac t the memorandum im p lie s  
tha t up to  fiv e  lo ca tio n s  be checked down the face of the w a ll.
3 .6  C O H E S IV E  F IL L .
In  com parison  to  a g re a t deal of o n -s ite  f i l l  a va ila b le  in  the U n ited  Kingdom the
f i l l  sp ec ified  by the R e in fo rce d  E a rth  Company is  o f h igh q u a lity  and th e re fo re
l ik e ly  to  be expens ive . To  a le s s e r  degree th is  is  tru e  of the f i l l  m a te r ia l sp e c ifie d
by the D .o ^ .E . T h is  may have a v e ry  s ig n if ic a n t e ffe c t on the o v e ra ll economy
o f re in fo rc e d  e a rth  w a lls .  A cos t a na lys is  c a r r ie d  out by Mamujee (1974)
based on c u rre n t p r ic e s  fo r  the th ird  q u a rte r o f 1973, showed tha t re in fo rc e d
e a rth  w a lls ,  exc lud ing  b a c k f i l l ,  w ere  v e ry  app ro x im a te ly  h a lf the cos t o f
conven tiona l re in fo rc e d  co ncre te  c a n t ile v e r  w a lls ,  ex lud ing  b a c k f i l l ,  F ig u re  74 .
H ow ever when some a llow ance is  made fo r  the cost of f i l l  a qu ite  d if fe re n t re s u lt
may em erge. Suppose fo r  example tha t the o n -s ite  f i l l  is  a c la y  c o s tin g  £ l/m
to  excava te , p lace and com pact. T h is  m a te r ia l may w e ll be su ita b le  as b a c k f i l l
to  a conven tiona l c a n tile v e r w a ll but not a re in fo rc e d  e a rth  w a ll .  The la t te r
may re q u ire  a much h ig h e r grade of im p o rte d  m a te r ia l.  A ga in  us ing  v e ry
3
approxim ate  p r ic e s  fo r  1973 th is  f i l l  would cost in  the o rd e r o f £ 4 /m  to  t ra n s p o r t ,  
p lace and com pact. The e ffec t on the overa ll costs  fo r  the tw o  types o f c o n s tru c t io n  
and b a c k f il l a re  shown in  F ig u re  74. As can be seen under these c ircu m s ta n ce s  
the cost o f re in fo rc e d  e a rth  w a lls  is  not at a ll c o m p e titive . Thus i t  w ou ld  appear 
tha t fo r  re in fo rc e d  e a rth  to  show cons is ten t savings when used in  the U n ited  
Kingdom i t  should be amenable to  c o n s tru c tio n  using as-found cohes ive  b a c k f i l l .
R esearch  c a r r ie d  out at the LCPC does not bode w e ll fo r  the use of cohes ive  
f i l l . -  S ch losse r and V id a l (1969) argued that th e re  would be p rob lem s in  
deve lop ing  the necessary  re in fo rce m e n t p u ll-o u t re s is ta n c e . I t  was po in ted  out 
tha t when using g ra n u la r b a c k f il l the bond-s tress  is  p ro p o rt io n a l to  yztar0 *■ a n d ' 
th e re fo re  in c re a se s  w ith  dep th . F o r  c la y  how ever i t  was a rgued tha t the s h o rt
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te rm  s tre n g th , Cu , is  independent of s tre s s  le v e l,  thus at v e ry  best the 
maximum bond s tre s s  would be Cy . I t  was thought tha t th is  maximum bond s tre s s  
would be in s u ff ic ie n t to  ensure  s ta b il ity  us ing  e s tab lished  re in fo rc e d  e a rth  
techn iques . T h is  judgement seems v e ry  ha rsh  s ince  even v e ry  s im ple 
c a lc u la tio n s  in d ica te  tha t i f  Cy is  fu l ly  m ob ilised  in.bcnd s tre s s  qu ite  reasonab le  
bond lengths re s u lt ,  fq u a tio p  (64)
L = (y H -2 C u) Sfo Sy F .................
2bC u
F o r :  . '  '
y  = 20 kN /m 3 , Cu = 40 k N /m 2
H = 10m, S, = S = 0.5m  h v
b = 0 .06m , F = 1.5 
L = 9*4m.
C ons is ten t w ith  the notion  tha t cohesive  f i l l  should not be used the LCPC c a r r ie d  
out a s e rie s  o f shear box te s ts  on fu l ly  sa tu ra ted  m ix tu re s  o f g ra n u la r  s o il and 
c la y  to  dem onstra te  the d e tr im e n ta l e ffe c ts  o f h igh  c la y  co n te n t, S c h lo s s e r et a l 
(1971)j S ch lo sse r and Long (1974). The tes ts  in vo lve d  the use of a s tandard  60mm 
sh ea r box w ith  dra inage top and bottom . In  the f i r s t  stage o f the in v e s tig a tio n  
a p u re ly  g ra n u la r  s o il was tes ted  at v a rio u s  norm a l s tre ss  le ve ls to  de te rm ine  the 
e ffe c tiv e  angle of in te rn a l shea ring  re s is ta n c e  0 . A lthough a ra p id  ra te  o f sh ea r 
o f 2% p e r m inute was used the p u re ly  g ra n u la r s o il was s u ff ic ie n t ly  perm eable  to  
p e rm it com plete d is s ip a tio n  of p o re w a te r p re s s u re  thus e nsu ring  d ra in e d  s h e a r. . 
T h is  p rocedu re  was repea ted , h ow eve r, p ro g re s s iv e ly  in c re a s in g  q u a n titie s  o f 
c la y  w ere  added to  the g ra n u la r s o il.  The e ffe c t o f th is  was to  p ro g re s s iv e ly  
decrease the p e rm e a b ility  o f the m ix tu re  and so , at th is  h igh ra te  o f s h e a r, 
p ro g re s s iv e ly  change the shea ring  co nd itions  from  d ra ined ' to  u n d ra in e d . O f 
co u rs e , in  the extrem e case when the m ix tu re  was pure  c la y  the  angle o f s h e a rin g  
re s is ta n ce  was z e ro . R esu lts  fo r  in te rm e d ia te  c la y  contents a re  shown in  F ig u re  . 
75 fo r  m ix tu re s  of L o ire  sand and P ro v in s  c la y  and g lass b a llo t in i and P ro v in s  c la y .  
S ince the re s u lts  w ere  in te rp re te d  in  te rm s of to ta l s tre s s  the in te rm e d ia te  angles 
o f shea ring  re s is ta n c e  a re  denoted 0 . As can be seen the L o ire  sand s u b s ta n tia lly  
pe rfo rm ed  as a sa tu ra ted  c la y  at c la y  contents above 50%, s im ila r ly  the 
perfo rm ance  of the b a llo t in i was tra n s fo rm e d  at a c la y  content o f 70%. Com m enting 
on these re s u lts  Simons (1975) poin ted out that' the tes ts  w e re  conducted  at a
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v e ry  h igh  ra te  o f shear w ith  fa i lu re  re s u lt in g  in  le ss  than ten m inutes under 
undra ined  co nd itions  at the h ig h e r c la y  co n te n ts . I t  was argued tha t in  the 
f ie ld  the gene ra tion  of p o re w a te r p re s s u re s  cou ld  be c o n tro lle d  by c o n s tru c tio n  
ra te  and p ro v is io n  o f su itab le  d ra inage  la y e rs . Com bining th is  w ith  an e ffe c tiv e  
s tre s s  a n a ly s is , ra th e r  than the somewhat co n se rva tive  to ta l s tre s s  a n a ly s is , 
Simons saw no reason why cohesive  f i l l  should not be used s u c c e s s fu lly .
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CHAPTER 3.
A LABO RATO RY IN V E S T IG A T IO N  OF SO IL 
R E IN FO R C E M E N T BOND..
1.0 SUMMARY
A s a tis fa c to ry  s o il re in fo rcem en t must e xh ib it se ve ra l a ttr ib u te s  not le a s t 
of w hich is  the a b il i ty  to  generate  h igh s o il re in fo rcem en t bond. T h is  q u a lity  
is  p a r t ic u la r ly  v ita l in  low  s treng th  cohesive  f i l ls  where the s o il i t s e l f  is  
p o te n tia lly  the weak lin k  in  the s o il/re in fo rc e m e n t chain  . In  v iew  o f th is  
the in ve s tig a tio n  in i t ia l ly  in vo lves  a com parison of va rio u s  re in fo rcem e n ts  
on the basis of th e ir  a b i l i ty  to  e ff ic ie n t ly  generate bond s tre s s . To 
expediate the tes t programm e sand was used as the so il in  the study of bond 
under d ra ined  load ing  co n d itio n s . U ndrained perfo rm ance was in ve s tiga ted  
using com m e rc ia lly  a va ilab le  K ao lin  >clay. T h is  com parative  perfo rm ance 
is  e ffected using both p u ll-o u t tes ts  and shear box tes ts  w hich a llow s a 
com parison of tes t m ethods. The study concludes that mesh re in fo rcem e n t 
is  s u p e rio r to  any s o lid  p la n a r o r  fa b r ic  re in fo rcem en t in ve s tig a te d . The 
mechanism of th is  perfo rm ance under d ra ined  cond itions  is  in ves tiga ted  and 
found to  be analogous to  that o f a p ile  fa ilin g  in  end b e a rin g . A b r ie f  
study of s o il/re in fo rc e m e n t s tiffn e ss  is  p resen ted  toge the r w ith  a gene ra l 
th e o re tic a l model fo r  assessing  mesh s tif fn e s s .
2 .0  IN T R O D U C T IO N
An e ffic ie n t s o il re in fo rcem en t should m ob ilise  the necessa ry  le v e l o f s o il 
re in fo rcem en t bond w ith  a degree of de fo rm ation  a pp ro p ria te  to  the 
p a r t ic u la r  re in fo rc e d  e a rth  s tru c tu re  under co n s id e ra tio n . Id e a lly  the 
maximum tensile  force developed by the m ob ilised  bond s tre ssess  should equal 
the te n s ile  s treng th  o f the re in fo rcem en t and so g ive r is e  to  a balanced design 
in  w hich fa ilu re  in  bond s tre ss  and tens ion  o ccu r s im u ltaneous ly . S o i l /  
re in fo rcem en t geom etries c u r re n tly  in  use in v a r ia b ly  re s u lt in  fa i lu re s  
governed by one of these mechanisms o n ly . T h is  chap te r is  concerned  
p r im a r i ly  w ith  the la b o ra to ry  in ve s tig a tio n  o f bond s tre ss  and in  p a r t ic u la r  
the e ff ic ie n t genera tion  of bond s tre s s . The o v e ra ll e ffic ie n c y  of s o il 
re in fo rcem en t is  a function  of many va ria b le s  not le a s t o f w hich is  the mode 
of development and magnitude of s o il/re in fo rc e m e n t bond. Any attem pt
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to  define o v e ra ll e ffic ie n c y  is  su b je c tive , fo r  example sim ple shear box 
w o rk  by Potyondy (1961) showed that the angle of f r ic t io n ,  o r  bond s tre s s , 
developed between smooth s tee l and dense sand was ty p ic a lly  0 .5 5 0  •
The same re s u lt was obta ined fo r  c lay /sm oo th  s tee l loaded under d ra ined  
co n d itio n s . C u rs o ry  exam ination of these re s u lts  would lead to  the 
e rroneous conc lus ion  tha t the re in fo rcem en t is  equa lly  e ff ic ie n t in  c la y  
and dense sand. A more c ircum spec t co ns id e ra tio n  re ve a ls  that the in te rn a l 
angle o f shearing  re s is ta n ce  of dense sand is  l ik e ly  to be app rox im a te ly  tw ice  
that fo r  a fa tty  c la y  thus to  achieve a s im ila r  p u ll-o u t re s is ta nce  the d a y  
re in fo rcem en t would need to  fu l ly  m ob ilise  p la n a r f r ic t io n ,  i . e .  6=0 
o r  have tw ice  the plan area of the sand re in fo rce m e n t. In  v iew  of th is  
fundamental d iffe re n ce  between the extrem es of cohesive and non-cohesive  
so ils  i t  was decided to  r e s t r ic t  the in ve s tig a tio n  of s o il/re in fo rc e m e n t bond 
to  those m a te ria ls  m anufactured in  sheet form  fo r  subsequent use as 
continuous s o il re in fo rcem en ts  o r  as v e ry  w ide s t r ip s .  A p re lim in a ry  
la b o ra to ry  in ve s tig a tio n  by Chang et a l,  (1977), has ind ica ted  tha t s tee l b a r 
mesh might p rove  to  be h ig h ly  e ff ic ie n t.  S im ila r ly  the use of po lym er net 
re in fo rcem en t appeared to  be p ro m is in g , Yam anouchi, 0967,1970,1975).
T h is  leads to  the dichotom y o f m e ta llic  and non -m e ta llic  re in fo rc in g  m a te r ia l.
C reep ,w h ich  is  a time dependent phenomenon, is  m anifested by s tra in  
at constant lo a d , in  excess of tha t caused by in i t ia l  lo ad ing . The 
s ign ifican ce  of creep  in  re in fo rc e d  ea rth  ''depends upon the design l i fe  of 
the system and the p a r t ic u la r  app lica tio n  of the re in fo rc e d  e a rth . O bv ious ly  
in  tem po ra ry  s tru c tu re s  c reep  would cause l i t t le  p rob lem s. In  perm anent 
s tru c tu re s  co ns ide ra tion  must be given to  the p a r t ic u la r  app lica tion , fo r  
exam ple, in  the case of embankments i t  is  the re la t iv e  ra tes  o f co n so lid a tio n  
and p la s tic  y ie ld in g  of the subso il ve rsus  the ra tes  of creep  in  the 
re in fo rcem en t tha t determ ine the re in fo rc in g  e ffe c t. Many unstable  s o il 
depos its , such as s ilts  and pea ts , conso lida te  re la t iv e ly  ra p id ly  and i t  is  
conce ivab le  tha t m a te ria ls  e xh ib itin g  high c reep  would p rove s a tis fa c to ry  
under such co n d itio n s , H o ltz , (1977). A lte rn a t iv e ly  fo r  more r ig id  s tru c tu re s  
such as re in fo rc e d  ea rth  w a lls  long te rm  c reep  could  have se rious  e ffe c ts . 
P rom is ing  re s u lts  have been published by H o ltz  and Brom s (1977) who c a r r ie d  
out tes ts  on model w a lls  re in fo rc e d  w ith  a woven p o ly e s te r fa b r ic ,  T e c k n is k  
vav N o .600. The creep  co e ffic ie n t of th is  m a te ria l was found to  be in  the 
range 0.14 -  0 .18.
84
TA
BL
E 
1: 
D
E
G
R
A
D
A
TI
O
N
 
R
E
S
IS
TA
N
C
E
 
OF
 
V
A
R
IO
U
S
 
S
Y
N
TH
E
TI
C
 
FI
B
R
E
S
 
(A
fte
r 
Ca
nn
on
 
19
76
)
85
C reep is  a function  of s tre ss  le v e l,  tem pera ture  and obv ious ly  m a te ria l 
type . In  g en e ra l, the to ta l s tra in  , at some tim e t ,  can be defined by 
the e xp re ss io n , F inn igan  (1977):
£ = £q + b .log (lO t)
where
£  = in i t ia l  s tra in  % o
t = tim e in  m inutes
b = c reep  co e ffic ie n t in  % p e r log  (lO t) cycle
T ests  re p o rte d  by F inn igan  (1977) and Van Leeuwan (1977) con firm  tha t c reep  
co e ffic ie n ts  fo r  p o lye s te r at app rox im a te ly  50% of u ltim a te  load a re  in  the 
range quoted by H o ltz  and B rom s. F u r th e r  re s u lts  published by both 
F inn igan  and Van Leeuwan in d ica te  that the creep  co e ffic ie n ts  fo r  polyam ide 
are  in  the range of 0 .22  to  0 .3 6  w h ils t fo r  po lypropy lene  Van Leeuwan 
ind ica tes  a creep  co e ffic ie n t o f 1 .44 . From  th is  i t  is  apparent that 
po lypropy lene  would be to ta lly  unsu itab le  fo r  use in  re in fo rc e d  ea rth  w a lls  
where based on a 50year design l i fe  creep  s tra in  would th e o re t ic a lly  amount 
to  some 12%. T here  is  a need fo r  fu r th e r  in ve s tig a tio n  in to  c re e p , 
p a r t ic u la r ly  creep  in  the s o il/re in fo rc e m e n t env ironm ent.
I t  is  convenient at th is  ju n c tu re  to  item ise  what a re  cons ide red  to  be 
c a rd in a l p ro p e rtie s  tha t should be assessed:
i) T e n s ile  s treng th  in  the s o il/re in fo rc e m e n t env ironm en t.
i i ) S o il/re in fo rc e m e n t bond.
i i i ) S hort term  e x te n s ib ility  and s o il/re in fo rc e m e n t s t if fn e s s .
iv ) Long term  e x te n s ib ility  i . e .  c re e p .
v) R esistance to  deg rada tion .
v i) Economic v ia b il i ty
Item s ( iv )  and (v ) have a lre ad y  been b r ie f ly  d iscussed and w i l l  not be
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c o n s i d e r e d  f u r t h e r .  I tem (vi) i s  obvious ly  of g r e a t  commerc ial  s ig n i f icance  
yet  will  not be c o n s i d e r e d  h e r e  in de ta i l .  I t  i s  s u f f i c i e n t  to s ta t e  that  fo r  
a given wal l the tota l  a r e a  of r e in f o rc e m e n t  r e q u i r e d  i s  approx im ate ly  in * 
i n v e r s e  p r o p o r t io n  to  the al lowable  tens i le  b a d  p e r  m et re  width of r e i n f o r c e m e n t .  
F rom  th is  fol lows the ad hoc r u le  that  the c h e a p e s t  r e in fo rc e m e n t  i s  that  
giving the g r e a t e s t  a l lowable  t e n s i l  load p e r  m et re  width p e r  pcund St ir l ing.
As s ta t e d  e a r l i e r  it i s  i tem (ii) which i s  the main topic  of i n v e s t ig a t io n ,  h o w e v e r ,  
due to the method of t e s t in g  employed some da ta  has  been ob ta ined  f o r  i tems 
(i) and (ii i)  .
3 .0  THE PULL-OUT T E S T
T h e r e  a r e  s e v e r a l  t e s t s  that  c a n  be employed to  m e a s u r e  a magni tude  of the 
bond deve loped be tween  so i l  and a n o n - so i l  m a t e r i a l ,  h o w e v e r ,  when dea l ing  
with the speci f ic  problem of s o i l / r e in f o r c e m e n t  bond r e l e v a n t  to  the concep t  
of r e i n f o r c e d  e a r t h  it i s  v i ta l  that  the a p p r o p r i a t e  t e s t in g  t e c hn iques  a r e  u s e d .  
Th is  sec t ion  s e t s  out the r e a s o n s  f o r  us ing  the pul l-out  t e s t  a s  wel l a s  d e s c r i b in g  
the d e s ig n ,  c o n s t r u c t i o n  and development  of the t e s t  r i g .
3.1 THE NEED FOR PULL-OUT T E S T I N G
The mechanism of r e in fo rc e m e n t  in the con tex t  of r e i n f o r c e d  e a r t h  i s  a 
complex phenomenon which ,  amongst  o t h e r  t h in g s ,  depends upon the s t r e s s  
r ^ . m e  in o p e r a t i o n .  F o r  example,  Singh and Yang (1973) have in d ic a te d  
that  r e in fo rc e m e n t  s t r e n g th e n s  c y l in d r ic a l  samples  of sand  loaded  u n d e r  
ax isym m et r i ca l  s t r e s s  cond i t ions  by induc ing an addi t iona l  confining  p r e s s u r e .  
Th is  mechanism i s  a l s o  mani fes ted in r e i n f o r c e d  e a r t h  wal ls  h o w e v e r ,  a 
second  and more impor tan t  funct ion of the r e in fo rc e m e n t  in th i s  caSe i s  the 
bonding to g e t h e r  of the " ac t ive  zone"  and " r e s t r a i n t  zone" in  the so i l  m a s s ,  
S c h l o s s e r  (1978) . As the names imply,  the ac t ive  zone i s  the m as s  of soil  
n e a r  the face  of the wal l which,  if u n r e i n f o r c e d ,  would tend to fai l  by 
movement a long a s u b v e r t i c a l  p lane  away from the r e s t r a i n t  z one .  In  bonding 
th e s e  two zones  t o g e t h e r  the r e in fo rc e m e n t  must be c a pab le  of r e s i s t i n g  pull  
out f rom the r e s t r a i n t  zone .  I t  has  been implied by Brown and P o u lo s  (1978) 
that  a s im i la r  mechanism o p e r a t e s  in r e i n f o r c e d  e a r t h  embankmen ts .  S ince  
in o p e ra t io n  the r e in fo rc e m e n t  is  sub jec ted  to  a pul l-out  f o rc e  it i s  a p p a r e n t  
that  the s o i l / r e in f o r c e m e n t  bond should be d e te rm ined  in the l a b o r a t o r y  
us ing a pul l-out  t e s t ,  Hol tz  (1977) , Mitchell  (1979). As might be e x p e c t e d  
such  t e s t s  r e s u l t  in v e r y  non-un ifo rm  s t r a i n  d i s t r ib u t io n s  along the l eng th  of
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the re in fo rce m e n t. In  v iew  of th is  g rea t ca re  must be exe rc ised  in  eva lua ting  
average m ob ilised  shear s tre sses  from  m easured p u ll-ou t lo a ds , Schwab et a l 
(1977). T h is  is  p a r t ic u la r ly  tru e  fo r  the more extens ib le  re in fo rce m e n ts  
where a peak p u ll out load may be reached w ithou t the rem ote end of the 
re in fo rcem e n t s u ffe r in g  any re la t iv e  s tra in .
With the advent of non -m e ta llic  re in fo rcem en t must come the re co g n itio n  
of the need fo r  a pp ro p ria te  te s tin g  m ethods. In  p a r t ic u la r  co n s id e ra tio n  
must be given to  the re la t iv e  s tiffn e ss  o f s o il and re in fo rce m e n t, the im portance  
of which has been defined by L e fla ive  (1977) and McGown et a l (1978a). In  the 
past the dete rm ina tion  of s o il/re in fo rc e m e n t bond fo r  m e ta llic  re in fo rcem e n t has 
been stud ied using the shear box, S ch losse r and V i'd a l (1969), S ch lo sse r and 
E lia s  (1978). S ince in  these cases the re in fo rcem en t could  be cons ide red  
in f in ite ly  s t i f f  cempared to  the s o il the suppress ion  of s tra in  in  the re in fo rcem e n t 
would not be expected to  have a d ram atic  e ffe c t. H ow ever, s im ila r  techn iques 
have been extended to  the more extens ib le  fa b r ic s .  The p a r t ic u la r  te s tin g  
methods inc lude  the use of a shear box w ith  fa b r ic  g lued*to a wooden b lo ck , 
G reen , et a l (1978), C h r is t ie  and E l Hadi (1978) o r  clamped to a s tee l fo rm e r, 
McGown et a l (1978b). C e rta in  researchers have even dispensed w ith  the lo w e r 
ha lf of the shear box and m ere ly  tra v e rs e  the top h a lf of the box, f i l le d  w ith  s o il,  
o ve r a sample of re in fo rcem en t glued to a fixe d  wooden b lo ck , A l-H u s s a in i and 
P e r ry  (1978). F o r  the more extensib le re in fo rcem en ts  the supp ress ion  of 
s tra in s  o the rw ise  induced in  the re in fo rcem en t can have co ns ide ra b le  e ffec ts  
on the s o il/re in fo rc e m e n t bond m o b ilise d . Some of the fo llo w in g  tes t 
re s u lts  dem onstrate the ra d ic a l d iffe re n ce s  in  re in fo rcem en t perfo rm ance  
observed in  the shear box and p u ll out appa ra tus . .
3 .2  D E S C R IP T IO N  OF PULL-OUT T E S T  R IG
T h is  is  b a s ic a lly  a v e ry  sim ple piece of apparatus co ns is ting  o f a r ig id  box 
w ith  an in te rn a l length  o f 500mm, b read th  o f 290mm and depth 300mm. In  
the fro n t face of the box is  a s l i t ,  20' mm h igh , runn ing  the fu l l w id th  o f the box. 
The l id  of the box , which is  secured by ten rem ovable bo lts  is  100mm deep 
and has the same:'internal p lan dim ensions as the box. Both the box and the l id  
a re  m anufactured from  5mm th ic k  m ild  s tee l p la te . In  the M kl v e rs io n  of 
the l id  the norm al s tre ss  was transm itted  to  the so il v ia  a 492mm by 278mm 
stee l p la tten  made from  12mm th ic k  m ild  s te e l. The p la tten  was d ia go n a lly  
s tiffened  by 40mm m ild  s tee l angle iro n s ,  F ig u re  1. The norm al fo rc e  was 
exerted  by a lOtonne Enerpac RC106 s ing le  ac tion  h yd ra u lic  ja ck  connected
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to  a hand operated pump, F ig u re  2 . T h is  load ing  system was rep laced  in  the 
M k ll  model by a Vance K a ra  re in fo rc e d  ru b b e r w a te r bag having the same 
dim ensions as the in s id e  of the l id  F ig u re  3* With the l id  bo lted  in to  
p os ition  the w a te r in  the bag is  p re s s u r is e d  by one of seve ra l ava ilab le  
types of constant p re ssu re  u n its .
The box is  mounted at one end of a r ig id  s tee l tab le  having plan d im ensions 
of 452mm x 920mm, F ig u re  4 . A t the o th e r end of the tab le  is  a r ig id  s tee l 
bulkhead having the same o v e ra ll w id th  and height as the box. The bulkhead 
is  m anufactured from  s ix  lengths o f 50mm x 50mm m ild  stee l R .H .S .  welded 
side by side in  tw o groups of th ree  se c tion s , w ith  the o u te r R .H .S .  passing 
th rough  the s tee l tab le  top to  fo rm  one p a ir  of le g s . The re s u lt in g  gap between 
the tw o groups of R .H .S .  is  spanned by a 6mm th ic k  fac ing  p la te  fixe d  to  these 
sections and runn ing  the fu l l w id th  of the bulkhead. A c irc u la r  hole was cu t at 
midspan of the fac ing  p la te  w ith  its  ce n tre  at the same le v e l as the m idplane 
through the s l i t  in  the box. T h is  hole was used to  mount a 4 tonne Enerpac E R C -46 
s ing le  ac tion  h yd ra u lic  tension  ja ck  in  a h o r iz o n ta l p lane . A gene ra l v iew  of 
the bulkhead and p u ll-ou t ja ck  is  g iven in  F ig u re  5 .
P u ll out of the tes t p iece is  e ffected  by a p a ir  of heavy s te e l clamps between 
which the tes t p iece is  b o lted . To m ain ta in  the clamps norm al to  the d ire c t io n  
of p u ll each end of the lo w e r clamp is  r ig id ly  bo lted  to  a ru n n e r w h ich  is  
cons tra ined  by a lin e a r  double b a ll race  cage, F ig u re  6 . The two guide ra i ls  
a re  mounted on 40mm x 40mm angle iro n s ,  w h ich  se rve  as s tru ts  between the 
bulkhead and the box. The clamps a re  held by tw o bo lts  to  a yoke screw ed 
to  the fu l ly  extended p lunger of the tension  ja c k , F ig u re  7-
The h yd rau lic , lead from  the tens ion  jack  is  connected to  a RC106 com press ion  
ja c k . A va lve  system was in troduced  in to  th is  h yd ra u lic  system to  a llo w  the 
com pression jack  to  be prim ed by hand pump. Once prim ed and fu l ly  extended 
the com pression jack  was bolted in to  a Wykeham F a rra n ce  1 0 ,000kg f m achine.
In  the Mk I m odel, F ig u re  8, a p ro v ing  r in g  was in te rposed  between the top of 
the ja ck  and the c ro ssh ea d  of the com pression  m achine. With the com press ion  
machine in  ope ra tion  h yd ra u lic  f lu id  is  expe lled  from  the com pression  ja ck  v ia  the 
h yd ra u lic  lead and thus ac tiva tes  the h o r iz o n ta l pu ll-ou t ja c k , which was a 
4 tom e Enerpac BRC 46 tension  ja c k .
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3 .3  D E S IG N  OF PULL-OUT T E S T  R IG
The s tru c tu ra l elements o f the r ig  w ere designed in  the conventiona l manner
w ith  due re g a rd  fo r  the maximum poss ib le  fo rce s  generated in  the r ig .  In
th is  case a llow ance was made fo r  s im u ltaneously  p u llin g  tw o la y e rs  of
re in fo rcem e n t g iv ing  r is e  to  a poss ib le  h o r iz o n ta l th ru s t of 8 tonnes. The w a te r
2bag was designed to  re s is t  the maximum w o rk ing  p re ssu re  of 1200 kN /m  which 
would generate  a v e r t ic a l fo rce  of 17 tonnes. To ensure r ig id i ty  under these 
extrem es the bulkhead and lik e w is e  the legs of the tes t tab le  w ere  s tru tte d .
. so making the whole r ig  act as a deep beam, F ig u re  3. The measurement of 
bulkhead de fle c tio n  w ith  the r ig  in  ope ra tion  la te r  con firm ed  th is  in b re d  r ig id ity  
The most arduous task was the design and development of re lia b le  methods of 
app ly ing  and m easuring both the h o r iz o n ta l p u ll out fo rce  and the v e r t ic a l norm al 
fo rc e . The development of the systems used is  cons ide red  se p a ra te ly .
3 .4  DEVELOPM ENT OF TH E PULL-OUT SYSTEM
The requ irem ents  of the load ing  system a re  the accura te  de te rm ina tion  of the 
pu ll-ou t fo rce  and the a b i l i ty  to  app ly the p u ll out fo rce  at a constant ra te  of s tra in  
that can be v a rie d  accord ing  to  the dra inage conditions and type of s o il used in  the 
p a r t ic u la r  te s t. I t  was cons ide red  that h yd ra u lic  jacks would be the most
econom ical and v e rs a tile  equipment to  use in  fu l f i l l in g  these re q u ire m e n ts . In  
the Mk I r ig  the prim e m over was a Wykeham F a rra n ce  10 ,000kg f com pression  
machine w h ich , when opera ting  at the re q u ire d  ra te  o f t ra v e l,  was used to  com press 
a fulfy prim ed and extended com pression ja c k . The h yd ra u lic  f lu id  d isp laced  
du ring  the com pression  jack  passed v ia  a high p re ssu re  h yd ra u lic  hose to  the p u l l -  
out ja ck  w hich was du ly  a c tiva te d . The sp e c ifica tio n s  o f the ac tua l jacks  used w ere  
based on the fo llo w in g  sim ple ca lcu la tio n s :
P u ll out ja ck : Enerpac BRC 46 (4 0 .2 k N .)
S troke  . 140mm
E ffe c tive  Ram A rea  7*30 x 10^'mm^
O il C apacity  1.022 x lO^mm^
Max. S tra in  28.0%
(based on 500mm tes t p iece)
C om pression jack : Enerpac RC 106 (101.OkN.)
S troke  159mm
o  o
E ffe c tive  Ram A rea  14.43 x lO'^mm
O il C apacity  2 .294  x 10Jmm^
S troke  of C om pression Machine 100mm
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54ax.volume of o i l  expe lled :
J | | - x  2 .294  x l 0 5 = 1.443 x 105mm3
Max. tra v e l
S ing le  pu ll-ou t ja ck  F u ll s tro ke  (140mm)
Max. tra v e l 
Duplex p u ll out jacks
2 .294  x 140 = 98.8mm 
2 x 1.022
Max. s tra in  19.8%
(Based on 500mm tes t p iece)
By co ns ide rin g  a common f lu id  p re ssu re  to  e x is t in  the p u ll out ja ck ,com press ion  
jack  and in te rcon n ec tin g  h yd ra u lic  hose then , fo r  a fr ic t io n le s s  system i t  is  
poss ib le  to  define a fo rce  tra nsm iss io n  ra t io ,  Rp
ARp = Ram area of p u ll-ou t jack  = _ p   (1)
Ram area of com pression ja ck  A
From  th is  i t  fo llo w s  tha t i f  the load app lied  to  thecom pression  ja ck  is  Lc then the
load tra nsm itte d  to the pulk-out ja c k , is  g iven by the express ion :
L = R-n. x L ..................... . ( 2 )p F c
I f  the load app lied  to  the com pression  ja ck  is  m easured, then i f  the o v e ra ll 
f r ic t io n  lo s s , F , is  known , the e ffe c tive  pu ll-ou t load is :
L = (R-n. x L ) -  F ........................ (3)p F c o
F o r  the p a r t ic u la r  jacks chosen:
A = 7 .3 0 x l0 ^ m m ^ , A = 14*43 x lO^mm^p ’ c
R -  = A /A  = 0 .506  ........................ (4)F p c
C ons ide ra tion  must a lso  be given to  the re la t iv e  ra tes  o f movement o f the
com pression  ja ck  and the pu ll-ou t ja c k . The com pression  machine may be set
to any d is c re te  ra te  of advance, Rc , i f  the h yd ra u lic  f lu id  is  in co m p re ss ib le  then 
the volume of f lu id  pe r un it tim e expe lled  from the com pression  ja ck  is :
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(5)
causing a movement, p e r un it t im e , o f R
O bvious ly  th is  same volume o f f lu id  must be tra nsm itte d  to  the p u ll-o u t ja ck
V = R x A 
P P
(6)
Equating the express ions in  equations 5 and 6 g ives
A c x Rc (7)
D e fin ing  A /A  as the d isp lacem ent tra nsm iss io n  ra t io  R „  equa tion  7 becomes:
I t  can be seen from  the fo rego ing  tha t the h y d ra u lic  ja ck  system is  p o te n tia lly  
v e ry  s im p le . W ith  knowledge of the o v e ra ll f r ic t io n  loss  Fo i t  is  th e o re t ic a lly  
poss ib le  to  obta in  a ll the necessary tes t data by re c o rd in g , at known tim e in te rv a ls ,  
the fo rce  in  the p ro v ing  r in g  as the com pression jack  is  loaded . The next stage 
in  the development was to  determ ine the o v e ra ll f r ic t io n  lo s s . The ja ck  
m anufactu re rs  stated that the magnitude of th is  lo ss  would be both sm all and 
cons tan t. A f te r  rem oving the in te rn a l re tu rn  sp rin g  in  each jack  i t  was thought 
tha t a constant f r ic t io n  loss  m ight be p o ss ib le . To v e r ify  th is  the com press ion  
machine was opera ted at speeds of e ith e r  0 .4m m /m in  o r  2 .0m m /m in  w ith  no sample 
clamped in  the jaws of the pu ll-o u t ja c k . U nder these cond itions  o f no load i t  was 
poss ib le  by using a v e ry  se ns itive  d ia l gauge read ing  to  0 .5 N /d iv ., to  m easure the 
load to  susta in  movement in  the system . O bv ious ly  th is  load is  equal to  the 
o v e ra ll f r ic t io n  lo s s . In  one s e rie s  o f tes ts  the guide ra i ls  w ere  d isconnected 
to in ve s tiga te  th e ir  c o n tr ib u tio n  to  the f r ic t io n  lo s s . The re s u lts  o f these tes ts  
a re  given in  F ig u re  9 in  the form  of a graph of o v e ra ll f r ic t io n  lo ss  aga inst 
movement of the com pression  ja c k . As can be seen the guide ra i ls  tended to  cause 
a ra th e r  e r ra t ic  f r ic t io n  lo s s . Subsequent tes ts  under load  showed tha t guide 
ra ils  tended to  jam i f  they became s lig h tly  out o f a lignm ent w ith  one a no the r.
In  v iew  of th is  the use of the jaw  guide ra i ls  was d iscon tinued . The f r ic t io n  
loss under nc load co n d itio n s , w ithout guide r a i ls ,  was found to  be se ns ib ly  
constan t. . The maximum value o f th is  lo ss  was .23kN w h ich  on a 500mm x 285mm 
sample would re p re sen t a shear s tre ss  o f 0 .8 k N /m  , th is  was thought to  be
(8)
n e g lig ib le .
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B efore  commencing tes tin g  i t  was decided to  check the o v e ra ll f r ic t io n  lo ss  w ith  
the jacks  w o rk in g  aga inst a lo a d . T h is  was achieved by m ounting a tens ion  
p ro v ing  r in g  on a sho rt section  of R .S .  J . at one end and a heavy s tee l s t r ip  at 
the o th e r end, F ig u re  10. T h is  assem bly was then set up in  the p u ll-o u t r ig  
w ith  the R .S .  J fixe d  by two bo lts  th rough  its  o u te r flange to the back p la te  of 
the box and the s tee l s t r ip  bolted to  the pu ll-ou t c lam ps, F ig u re  11. I t  was 
found tha t w ith  the p rov ing  r in g  f ix in g  t ig h t ly  bolted down a s lig h t bending 
moment was induced in  the plane of the p rov ing  r in g .  T h is  was obvia ted  by 
using on ly  one lo o se ly  tightened bo lt at eaoh of the f ix in g s  . B e fo re  te s tin g  
commenced the p rov ing  r in g  was ca lib ra te d  in  tension  by a s p e c ia lis t c o n tra c to r .
A rough check was made on th is  c a lib ra tio n  using a H oundsfie ld  ex tensom ete r.
The f r ic t io n  lo ss  tes t cons is ted  s im ply o f runn ing  the com pression  machine at 
a constant ra te  and tak ing  re g u la r  p a irs  o f read ings of the fo rce  tra n s m itte d  to 
the com pression  ja ck  and the fo rce  tra nsm itte d  v ia  the pu ll-ou t ja ck  to  the 
tens ion  p ro v ing  r in g .  F o u r such tes ts  w ere  c a r r ie d  out w ith  ra te s  o f com press ion  
between 0 .5m m /m in  and 4 . Omm/min. The re s u lts  o f these tes ts  showed the 
o v e ra ll f r ic t io n  lo s s , F o , to be a function  o f both load and ra te  of lo a d in g .
The loss was qu ite  enormous fo r  example i t  was found that an app lied  load of 
approx im ate ly  8kN was re q u ire d  to give a p u ll-o u t load of 4 kN .' The actual 
applied load va rie d  between 10 kN and 16 kN g iv ing  a f r ic t io n  loss  of between 
2 kN and 8 .kN . The one encouraging find ing  was that under s im ila r  cond itions  the 
f r ic t io n  loss appeared to be re p ro d u c a b le .
T h is  re s u lt  invoked an in ve s tig a tio n  in to  the natu re  o f the f r ic t io n  lo ss  to see i f  
i t  could  be re c t if ie d .  As a f i r s t  step i t  was decided to  separate the o v e ra ll 
f r ic t io n  loss  in to  that su ffe red  in  each ja c k . The f r ic t io n  loss  in  the h y d ra u lic  
pipe connecting the jacks and the s lig h t e leva tion  head d iffe re n ce  between the 
two jacks was ig n o re d . The f r ic t io n  loss  in  the com pression  ja ck  was m easured 
by connecting a tes t grade p re sssu re  gauge d ire c t ly  to the ou tle t of the ja c k .
The accuracy  of the gauge was assured by c a lib ra tio n  p r io r  to the tes t us ing  a 
Budenberg dead weight te s te r .  Load was app lied  to  the ja ck  at the ra te  of 
0 .5m m /m in  v ia  a p ro v ing  r in g .  P a irs  o f read ings of p ro v ing  r in g  load and gauge
p re ssu re  w ere  taken . Tw o tes ts  were c a r r ie d  out at the same ra te  o f co m p re ss ion . 
Tak ing  the  f lu id  p re ssu re  in  the jack  to  be P  ^ i t  fo llo w s  tha t the fr ic t io n  lo s s ,  F c » 
is  g iven by the express ion :
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(9)
The re s u lts  fo r  these tw o tes ts  a re  shown in  F ig u re  12, the f r ic t io n  lo ss  at any 
load le v e l is  g iven by the d iffe re n ce  in  the o rd ina tes  fo r  the lin e  de fin ing  the 
tes t re s u lts  and the th e o re tic a l lin e  of e q u a lity . A gain  i t  can be seen tha t 
f r ic t io n  lo ss  is  a func tion  of load le v e l.  Com parison of the f r ic t io n  lo ss  fo r  
the two tes ts  in d ica te  tha t even under the same cond itions  the loss  tends to  be 
v a r ia b le .
Two s im ila r  tes ts  w ere  c a r r ie d  out to  determ ine the f r ic t io n  lo ss  in  the pullr-out 
ja c k . In  th is  case the pu lt-ou t ja ck  was connected to  the tension p ro v in g  r in g  and 
a te s t grade p re ssu re  gauge was coupled in to  the ja ck  in le t us ing  a tee ju n c tio n . 
The p u ll-o u t ja ck  was ac tiva ted  by the com pression  ja ck  w h ils t p a irs  of tens ion  
p rov ing  r in g  and p re ssu re  gauge read ings w ere  taken . I f  the f lu id  p re s s u re  in  
the ja ck  is P^ andthe load in  the tens ion  r in g  is  L^, then the f r ic t io n  lo ss  F ^ is  
g iven by the express ion :
F = L - ( A  x P )   (10)
p T P P
The re s u lts  fo r  these tes ts  a re  given in  F ig u re  13 from  which i t  can be seen tha t 
h igh ly  rep roducab le  re s u lts  w ere  obta ined .
On d ism antling  the com pression  jack  i t  was found tha t the ram was f it te d  w ith  a
po lym er s k ir te d  w a sh e r. G enera l and de ta iled  v iew s of th is  a re  shown in  F ig u re s
14 and 15 re s p e c tiv e ly . I t  became im m edia te ly apparent that the s k ir te d  w asher
was the cause of the e r ra t ic  f r ic t io n  loss  . The ja ck  opera tes at e x trem e ly  h igh
3 2flu id  p re s s u re , being ty p ic a lly  14 x 10 kN /m  at a load of 20kN . A t these h igh
p re ssu res  i t  was thought tha t the s k ir t  of w a sh e r, w hich is  some 6m deep , was
fo rced  outw ards to  make contact w ith  the w a ll o f the jack  c y lin d e r .  F o r  the ja ck
-3  2in  question th is  g ives r is e  to  a contact a rea of app rox im a te ly  1 x 10 m . W ork on 
P .T .F .E .b y  Flom  and P o r ile  (1955) has shown tha t the c o e ff ic ie n t of f r ic t io n  is  
dependent on s tre ss  le v e l and rubb ing  speed, with c o e ffic ie n ts  as h igh as 0 .3 6  
being m easured. E a r l ie r  w o rk  by K ing and T abo r (1953) showed the c o e ff ic ie n t to  
be independent o f tem pera tu re  rem ain ing  steady at about 0.1 o ve r the tem pe ra tu re  
range from-45°C to l0 0 ° C .  These fo rego ing  obse rva tions a re  c le a r ly  re f le c te d  
in  the p lo ts  o f f r ic t io n  loss s h d w n in F ig u re s  12 and 13. Using the f lu id  p re s s u re  
and contact a rea  quoted then fo r  a c o e ffic ie n t of f r ic t io n  o f say 0 .2  the th e o re tic a l
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f r ic t io n  loss  is  2 .8 k N . T h is  f ig u re  is  of the same o rd e r as the losses obse rved .
I t  was dec ided , as an in te r im  m easure, to de term ine the p u ll-ou t load  using the 
c a lib ra tio n  obta ined fo r .o v e ra ll f r ic t io n  lo s s , w ith  a c ro ss  -  check being 
made by m easuring  the f lu id  p re ssu re  in  the pu ll-o u t ja c k . These measured 
p re ssu res  w ere  in te rp re te d  using F ig u re  13.
As soon as was poss ib le  the above system was rep laced  by a S tra in s ta ll 2tonne 
capacity tension  load c e ll w ith  a Shape Ins trum en ts  D .V .M . re a d o u t. F ig u re  16 
shows the load c e ll in s ta lle d  between the clamps and the pu lt-ou t ja ck  ra m .
The m akers cla im ed a c a lib ra tio n  of O .lkN  p e r D .V .M .d iv is io n .  T h is  was 
checked by c a lib ra tio n  aga inst a tens ion  p rov ing  r in g .  The re s u lts  o f th is  
c a lib ra tio n  are-show n in  F ig u re  17 in  the form  of a p lo t of tension p ro v in g  r in g  
load , L ^ ,, against. D .V .M . d iv is io n s , D . A f i r s t  o rd e r re g re s s io n  ana lys is  
c a r r ie d  out on th is  data gave the re la tio n s h ip :
LT = 0.1073D -  0 .2 8 6kN .
A lthough a v e ry  h igh c o e ffic ie n t o f c o rre la t io n  of 0.9997 was obta ined i t  was 
obvious that the re  was a s lig h t n o n - l in e a r ity  in  the tes t re s u lts  fo r  D .V .M . 
readings less  than 10. T h is  sm all d isc repancy  was overcom e by read ing  d ire c t ly  
from  the c a lib ra tio n  ch a rt fo r  low  D .V .M .re a d in g s . A t th is  stage i t  was deemed 
that the load ce ll arrangem ent would be adequate fo r  the job in  hand.
The second requ irem en t of the p u ll-ou t system is  the a b i l i ty  to  p u ll the sample at 
a constant ra te  of movement. T h is  is  achieved by tra n s m ittin g  movement o f the 
com pression  machine p la tens v ia  the h y d ra u lic  system to  the pu ll-o u t ja c k . T he re  
is  of course  a un ifo rm  tra n s fo rm a tio n  of both the magnitude and ra te  of movement, 
as p re d ic te d  by the d isp lacem ent tra nsm iss io n  ra t io  R ^ ,  equation 8 . The 
v a lid ity  o f th is  equation w hich assumes tra nsm iss io n  th rough  an in co m p re ss ib le  
f lu id ,  was checked in  the course  of the c a lib ra tio n  tes ts  using the tens ion  p ro v in g  
r in g .  B e fo re  commencing . the tes t a sim ple d ia l gauge, read ing  to  O.OOlins 
(0.025m m ), was set up to m easure the ac tua l d isp lacem ent of the p u ll-o u t c lam ps.
With th is  arrangem ent i t  was poss ib le  to  re c o rd , at the same in s ta n t, the movement 
of the com pression ja ck  and the mcvement o f the c lam ps. T h e o re t ic a lly  the 
movement o f the p u ll-ou t ja ck  and hence the clamps should be equal to  the p roduc t 
of the movement of the com pression  ja ck  and the displacement tra n sm iss io n  ra t io  
R p . The d isp lacem ent c h a ra c te r is t ic s  m easured in  the course  o f the f i r s t  two 
tests  a re  shown in  F ig u re  18. T h is  p lo t w hich is  to  d iffe re n t v e r t ic a l and. h o rizo n ta l
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scales shows the lin e  o f e q u a lity  along w h ich , id e a lly ,  the tes t re s u lts  should 
fa l l .  In  fact that test re s u lts  w ere  fa r  from  id e a l.  R esu lts  fo r  the f i r s t  
te s t showed the in i t ia l  section  of the cu rve  being concave-up s ig n if  y ing  an in c re a se  
in  system s tiffn e ss  w ith  in c re a s in g  com pression ja ck  movement. T h is  was due 
to fre e  a ir  going in to  so lu tio n . The broken lin e  shows the p ro je c tio n  of th is  
cu rve  and ind ica tes  tha t the pu ll-o u t ja ck  would have been ope ra ting  at the c o r re c t 
ra te  o f p u ll a fte r  a movement of app rox im a te ly  28mm on the com pression  ja c k . 
H ow ever, at a th e o re tic a l d isp lacem ent o f 12mm the cu rve  s ta rte d  to  become 
concave-down u ltim a te ly  becoming h o r iz o n ta l at a th e o re tic a l d isp lacem ent 
of 28mm. T h is  unwelcomed f le x ib i l i t y  in  the system was caused by a m inute 
leak  in  the h yd ra u lic  system . The second tes t showed , in i t ia l ly ,  id e n tic a l 
re s u lts  save fo r  the fac t tha t the cu rve  became h o r iz o n ta l at a th e o re tic a l d is ­
placement of 16mm thus in d ic a tin g  a w orsen ing  of the le a k . A f te r  sea ling  o ff 
the leaks and pu rg ing  the system w ith  c lean h yd ra u lic  f lu id  Test No. 3 was 
c a r r ie d  o u t. In  th is  tes t the ja ck  was p u llin g  aga inst a sample of N etlon 1168.
As can be seen from  F ig u re  19 th e re  was s t i l l  fa r  too much lag  in  response w ith  
a th e o re tic a l movement in  excess of 20mm being re q u ire d  be fo re  the re q u ire d  
ra te  o f p u ll-ou t was a tta ined . S ince th e re  appeared to be no fre e  a i r  in  the f lu id  
i t  was decided to  c a r ry  out a th e o re tic a l assessm ent be fo re  going to  the maybe 
unnecessary.length of d e -a ir in g  the h y d ra u lic  f lu id .
H e n ry 's  Law of S o lu b ility  states tha t at a g iven tem pera tu re  the w eight o f gas
tha t w i l l  d isso lve  in  a given volume o f liq u id  is  d ire c t ly  p ro p o rtio n a l to  the p re s s u re .
W , = oCp = vp -g  . . . . . . ( 1 1 )
H ow ever,Boyle 's Law states that the p roduct o f p re ssu re  and volume is  a constant 
thus fo r  a given weight o f gas, tak ing  a constant
p = &  p
(12)
Combining equation 11 and 12 g ives
constant
Thus the volume of gas d isso lved  at any p re ssu re  is  a constant fo r  a given 
volume of l iq u id .  T h is  volume of gas is  g iven by H e n ry 's  constant H
H = 0 .02  volumes o f a ir /u n it  volume o f w a te r
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The above va lue  of H which is  fo r  a ir  in  w a te r at room tem pera tu re  is  assumed 
to  be app licab le  to  a i r  in  o i l .
I f  the volume of h y d ra u lic  f lu id  is  V and the volume of fre e  a ir  is  k 'V then at 
a p re ssu re  of PQ the to ta l volume of a ir  is :
V = kV + HV ................. Cl 3)o
I f  the p re ssu re  is  in c reased  ‘ to  P ^, then the volume of fre e  a ir  is :
VY = (kV  + HV) Po/ Pl -  HV............................................................................. ............... ..(14)
The change in  volume of the fre e  a ir  is :
AV = kV -  (kV  + H V )P o/ Pl + HV 
Whence:
AX- = k  + H -  (k  + H )P Q/ Pl . . . . . . . . ( 1 5 )
I f  the change in  p re ssu re  ? j - P 0 is  Ap then:
. Pi - P
A B . = l !  ................... C16)
P Po o
S ubstitu ting  fo r  PQ/p^ from  equatior(15)g ives
Ap _ (k + H) -  k -  H + A V /V  (]7)
P k + H -  AV/VO
On s im p lify in g  equation (17):
4 £  = A V /V  . . . . . . . . ( 1 8 )
P „  k + H -  A.V/V
The change in  p re ssu re  to  Cause complete s a tu ra tio n , Apg » is  that p re s s u re  
re q u ire d  to  cause a volume change kV :
9 7
k + H -  k H
In  Test No. 3 , F ig u re  19, the re q u ire d  p u ll out ra te  was achieved at a th e o re tic a l 
h o r iz o n ta l movement of 21.6mm w ith  a ja ck  f lu id  p re ssu re s  of 11.4bars. T ak ing  
APS = 11.4bars, gauge p re s s u re , and Pq as an atm ospheric  p re ssu re  o f one 
b a r , equation 19 in d ica ted  tha t the re  was 22.8% of fre e  a ir  in  the i.h yd rau lic  f lu id .  
T h is  ind ica ted  qu ite  c le a r ly  that most o f the lag  was due to  fre e  a i r  going in to  
so lu tio n . To m in im ise th is  e ffec t i t  was decided to  d e -a ir  the f lu id  and r e f i l l  
the system . D e -a ir in g  was ach ieved  by pu tting  the f lu id  under vacuum, in  a 
d e s icca to r fo r  24 h o u rs . A t the end of th is  p e riod  th e re  werw ro v is ib le  signs 
of a i r  e x tra c t io n . Both com pression  and p u ll-ou t jacks w ere  d ism antled  and c a re ­
fu l ly  f i l le d  w ith  the d e -a ire d  f lu id .  The h yd ra u lic  hose was f i l le d  by im m ers ing  
one end of the hose in  f lu id  and app ly ing  a vacuum to  the fre e  end o f the hose.
With the system re -assem b led  a fo u rth  tes t was c a r r ie d  out to  check the d isp lacem ent 
transm iss ion  c h a ra c te r is t ic s .  As can be seen from  the re s u lts ,  F ig u re  20, the re  
was a cons ide rab le  im provem ent in  pe rfo rm ance . The sm all re s id u a l lag  of 
a p p ro x iim te ly  5nmi was cons ide red  accep tab le . In  subsequent tes ts  the 
d isp lacem ent tra nsm iss io n  tim e was p lo tted  to  ensure that the c o r re c t  pu ll-o u t ra te  
was achieved at o r  be fo re  fa i lu re .  I t  was found tha t the lag  re tu rn e d  w ith  tim e , 
th is  was due to  the in g re ss  o f a ir  v ia  a .sm all opening at the end o f the p u ll out 
ja ck  body. T h is  opening had to  be m aintained to  p reven t the development of a 
vacuum on re -e x te n d in g  the ja ck  at the end of each te s t.  The d e -a ir in g  p rocedu re  
was th e re fo re  repeated as soon as the lag  assumed an unacceptable m agnitude.
3 .5D EVELO PM EN T OF THE NORMAL LOADING  SYSTEM
As observed e a r l ie r  the Mk I norm al load ing  system cons is ted  of a 492mm x 278mm
x 12mm th ic k  s tee l p la tten  ac tiva ted  by a hand opera ted 10 tonne Enerpac ja c k ,
F ig u re  1. The dim ensions of the p la tten  and ja ck  c y lin d e r  were such tha t a
2h y d ra u lic  f lu id  p re ssu re  of one b a r (100 kN /m  ) was equ iva len t to  a norm a l s tre s s  
2of 1.06 kN /m  . The th ree  inhe ren t problem s w ith  the system w ere  the in a b il i ty  to  
measure volume change, the need to  m anually ad just the h yd ra u lic  f lu id  p re s s u re  
d u ring  tes tin g  and f in a l ly  the tendancy to cause a rc h in g . The la t te r  was 
m in im ised by lu b r ic a tin g  the fro n t , back and side w a lls  of the box w ith  h igh p re s s u re  
s ilic o n  grease to  which was app lied  a lin in g  o f tw o sheets of 5 thou (0.13mm) th ic k  
P . T .F . E .  separated by a s ilic o n  grease la y e r .
A ps
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The p la tten  system was rep laced  at an e a r ly  stage by a w a te r f i l le d  re in fo rc e d
ru b b e r bag, F ig u re  3 , m anufactured by Vance K ara  L im ite d . P lan d im ensions
of the bag w ere  the same as those of the box. The l id  o f the box in c o rp o ra te d  a
100mm deep recess  which accommodated the fu l l  height o f the bag . I n i t ia l ly
f i l l in g  was achieved by s it t in g  the bag in  the in v e rte d  box l id  and in tro d u c in g
d e -a ire d  w a te r v ia  the s ing le  n ipp le  at the top of the bag using a sim ple funne l
F i.na l f i l l in g  was achieved using the arrangem ent shown in  F ig u re  21. The
p ro c e d u re  w as, w ith  va lve  A c lo se d , and va lves B and C open, to  p re s s u r is e
the bag by hand to  expel a i r  trapped  in  the lin e  between the bag and the w a te r f i l le d
bure tte  which was vented to  a tm osphere. With va lve  C c losed , and va lves A and B ,
open, the e le c tr ic a l ly  d riv e n  a ir  com pressor was s ta rte d  to d r iv e  out a ir  trapped
in  the lin e  from  the a ir /w a te r  c y lin d e r  to the b u re tte . On c lo s in g  va lve  B and
opening va lves A and C the com pressor was s ta rte d  to . d rive  d e -a ire d  w a te r from
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the a ir /w a te r  c y lin d e r  in to  the bag. The w a te r p re ssu re  was kept to  10 kN /m  
o r  less  by the use of a N o rg re n  a ir  p re ssu re  re g u la to r .  The co m p re sso r was . 
sw itched o ff a fte r  runn ing  fo r  f iv e  m inutes whence va lve  A was c losed  and va lve  B 
was opened v e ry  s lo w ly  a llo w in g  the passage of a ir  and w a te r from  the bag.
T h is  p re s s u r is in g  and b leed ing p rocedu re  was continued u n til th e re  was no v is ib le  
tra ce  of a ir  being expe lled  from  the bag. F ig u re  22 shows the com plete M k . I I  system .
3 .6  BOUNDARY C O N D IT IO N S
In  a ll tes ts  the w a lls  of the p u ll out box w ere tre a te d  w ith  s ilic o n ',  g rease  and sheet 
P . T .F . E .  as described  , to re n d e r sm oo th -rig id  v e r t ic a l bounda ries . An obvious 
choice fo r  upper and lo w e r boundaries was the "p e r fe c t ly "  smooth boundary o ffe re d  
by the P .T .F .E  and g rease . T h is  ch o ice  was based on the fa c t tha t fo r  continuous 
re in fo rcem en t in  the re s tra in t  zone the shear s tre sses  on the re in fo rce m e n t act 
in  the same d ire c t io n . Using the accepted sign convention means tha t the shea r 
s tresses, tra n sm itte d  th rough the s o il between adjacent re in fo rcem e n ts  must change 
sign and th e re fo re  g ive  r is e  to a plane of ze ro  shear s tre s s . The a lte rn a tiv e  to  
these boundary cond itions  was a rough upper and lo w e r boundary . To  check the 
e ffec ts  of the va rio us  boundary cond itions  th ree  p u ll-o u t tes ts  w ere  conducted 
using sanded stee l re in fo rcem en t tested  under id e n tic a l cond itions  save fo r  the upper 
and lo w e r boundary co n d itio n s . In  tw o of the tes ts  the Mk I and Mk I I  loa d in g  
system s, toge the r w ith  the f lo o r  o f the box w ere set up as smooth b o u n d a rie s . In  
the th ird  tes t the Mk I load ing  system was set up to  give rough upper and lo w e r 
boundaries . T h is  was achieved by lin in g  the f lo o r  o f the box and the unde rs ide  of 
the load ing p la tten  w ith  coarse  grade carborundum  paper w h ich  was glued in  p o s itio n  
w ith  the rough face against the f i l l .  The tes t re s u lts ,T e s t N os. 12, 15 and 18,showed
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a s c a tte r o f -  1.5% from  the mean v a lu e ,F ig u re  77,  It was concluded.tha t fo r  the 
p a r t ic u la r  box geom etry and s o il used the e ffec ts  o f the upper and lo w e r 
boundary w ere in s ig n ific a n t .
3 .7  GENERAL T E S T  PROCEDURE
T h is  section  describes  the gene ra l tes t p ro ce d u re . D e ta ils  o f s o il type , sample 
p re p a ra tio n  and shear ra tes  a re  inc luded  in  the fo llo w in g  se c tion s . The 
aim of the te s t is  to  determine the magnitude of the bond developed between the 
re in fo rcem en t m a te r ia l and s o il under te s t.  T h is  is  achieved using the fo llo w in g  
p rocedu re :
F ir s t  the box is  f i l le d  to a le v e l 10mm above the lo w e r edge of the p u ll-ou t s l i t  
whence a sample of the m a te r ia l to  be tested is  la id  on top of the s o il.  Some 50mm 
of the tes t p iece is  le f t  p ro je c tin g  out of the s l i t  fo r  connection to  the clamps of 
the pu ll-o u t ja c k . A t th is  stage the embedded length  o f the tes t p iece is  m easured 
to  the nearest m illim e tre . The w id th  o f the tes t p iece is  m easured p r io r  to  
p lacem ent. With the tes t p iece pos itioned  the rem ain ing  s o il is  p laced and 
compacted to  b rin g  the s o il flu sh  w ith  the top of the open box. The w a te r bag, o r  
in  the case of the Mk I system , the s tee l load ing  p la tte n , is  p laced c e n tra lly  on 
top of the s o il and then the s tee l box l id  is  pos itioned  and f irm ly  bo lted  dow n.
N orm al p re ssu re  is  app lied  and where a p p ro p ria te  the s o il is  a llow ed  to c o n s o lid a te . 
The clamps on the pu ll-ou t ja ck  a re  moved fo rw a rd  to co ve r a ll o f the tes t p iece 
p ro je c tin g  from  the box, the clamps are then f irm ly  bo lted  to g e th e r. The D .V .M . 
read  out fo r  the tension  load c e ll is  zeroed as is  th e h o rizo n ta l movement d ia l 
gauge re s tin g  on the pu ll-ou t c lam ps. In  the case of the Mk I system the 
com pression  p ro v ing  r in g  d ia l gauge is  ze roed . Any s la ck  in  the system  is  taken  
up by load ing  the com pression  ja ck  using the m anually operated fine  c o n tro l w heel 
on the com pression  m achine. When the com pression  machine is  a c tiva te d  re g u la r  
read ings a re  taken of the D .V .M . d ia l gauge and p a ra ff in  volume change gauge.
F o r  the Mk I system read ings of both the p ro v in g  r in g  and h o r iz o n ta l movement 
d ia l gauges are  taken . To double check the constancy of the f r ic t io n  losses in  the 
Mk I system the h yd ra u lic  f lu id  p re ssu re  in  the pu ll-ou t jack  is  m easured using a 
tes t grade bourdon gauge. Readings a re  taken at re g u la r  in te rv a ls  to  ensure  tha t 
a peak p u ll-ou t load has been ach ieved . A t the end of each test the appara tus is  
c a re fu lly  d ism antled and the embedded length  is  again m easured.
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In  the case of co nso lid a ted -d ra in ed  p u ll out tes ts  re s u lts  are  in i t ia l ly  
in te rp re tte d  using the s im p lis tic  assum ption of the development of an apparent 
average shear s tre ss  o r  bond s tre s s . Knowing the app lied  norm a l s tre s s , , 
i t  is  poss ib le  to  evaluate a c o e ff ic ie n t of apparent f r ic t io n  f* :
. f *  =  t / ct1 '  n
The shear s tre ss  t  is  assumed to  be m ob ilised  on both sides of the te s t p iece 
F o r a pu ll-o u t load T on a tes t p iece of embedded length  1 and w id th  w , F ig u re  24:
T
T “  21w
By repea ting  the tes t at va rio u s  norm a l s tre ss  le ve ls  i t  is  poss ib le  
to  determ ine the v a r ia t io n  of x w ith  In  th is  p a r t ic u la r  p ro je c t the apparent
angle of bond s t re s s , 6 , is  adopted ins tead  of f * .
6 = ta n  ^ f *  = ta n
F o r unconso lida ted-undra ined  tes ts  a s im ila r  in te rp re ta tio n  is  adopted,how ever, 
in  th is  case the bond s tre ss  is  re fe r re d  to as adhesion.
4 .0  PULL-OUT T E S T S  IN  SAND
Some 120 p u ll-ou t tes ts  in vo lv in g  12 re in fo rcem en ts  w ere c a r r ie d  o u t. S ince the 
in i t ia l  ob jec tive  of the re se a rch  was to compare the basic f r ic t io n a l p ro p e rtie s  
of the va rio us  re in fo rcem en ts  i t  was decided to  c a r ry  out the tes t us ing  on ly  one 
type o f sand compacted to the same dry dens ity  fo r  each te s t.  The com para tive  
perfo rm ance of the re in fo rc in g  m a te ria ls  in  g ra n u la r s o il would not be expected to  
change s u b s ta n tia lly  w ith  g rad ing  and degree of com paction , how eve r, the abso lu te  
perfo rm ance w ou ld . On th is  basis i t  w ou ld , be necessary  to  in ve s tig a te  the e ffe c ts  
of these va ria b le s  on say the two best re in fo rcem en ts  as defined by the c u rre n t 
re se a rch  program m e.
4.1 P R O P E R T IE S  OF THE SAND
Throughout the com parative  tes ts  use was made o f Boreham Wood P it Sand.
T h is  is  a coarse  to medium sand w ith  some fine  g ra v e l.  The ty p ic a l g ra d in g  c u rv e , 
F ig u re  25, shows the sand to be fa i r ly  un ifo rm  having a co e ffic ie n t o f u n ifo rm ity  
of 2 .8 .  The maximum d ry  dens ity  of the sand was determ ined us ing  the method
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p re s c rib e d  by C o rn fo rth  (1972). T h is  invo lves  c a rry in g  out a v ib ra to ry  
com paction te s t as described  in  B .S .  1377 save tha t the sand must be sa tu ra te d . 
S a tu ra tion  is  achieved by b o ilin g  the sand fo r  15 m inu tes. The base of the  • 
com paction mould is  sealed and a depth of app rox im a te ly  50mm of w a te r is  p laced 
in  the m ould. The sa tu ra ted  sand is  p laced in  the mould and com paction is  then
c a rr ie d  out in  accordance w ith  B . S . 1377. Th ree  dete rm ina tions w ere  made g iv in g
3 3 3a mean of 1.91Mg/m w ith  a ll th ree  re s u lts  fa l lin g  in  the range 1.90M g/m  to 1.91Mg/m .
The measured va lu es , which w ere  obtained at m o is tu re  contents in  the range 14.4%
to 14.5% w ere checked using the express ion :
Yd = GsY w 
(1+mGs)
Using a S .G . o f 2 .6 4  from  th ree  d e te rm ina tio ns , the above exp ress io n  re n de re d
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a th e o re tic a l maximum d ry  dens ity  of 1.91Mg/m . The minimum d ry  dens ity  
was determ ined using the ra p id  t i l t  te s t,  K o lbuszew ski (1948). The p ro ced u re  
used cons is ts  of p lac ing  one k ilo g ra m  of d ry  sand in  a one l i t r e  m easuring  c y lin d e r .  
The c y lin d e r  is  in v e rte d  and then re tu rn e d  to  its  o r ig in a l p os ition  whence the 
volume of the sand is  read  o ff . T h is  p rocedu re  was repeated s ix  tim es and on 
each occasion gave e xac tly  the same dens ity  o f 1.65Mg/m .
P re lim in a ry  com paction t r ia ls  in  the p u ll-ou t r ig  ind ica ted  that s a t is fa c to ry , 
and co n s is te n t, com paction could  be achieved using a Kango v ib ra t in g  hammer 
f it te d  w ith  a 100mm x 150mm tam per. T h is  was app lied  o ve r each la y e r ,  w h ich  was
75mm th ic k , fo r  e igh t m inu tes. Using th is  method i t  was poss ib le  to  ob ta in  a
3 4* 3dens ity  of 1.87Mg/m -  O.OlMg/m . T h is  re p re sen ts  a re la t iv e  d en s ity  in  the 
range 83% to 90% w ith  a mean va lue of 86%. I t  would be expected tha t re la t iv e  
dens ities  of th is  magnitude would be obta ined on s ite  us ing modern v ib ra to ry  
com paction p la n t. T h is  mean dens ity  was m aintained fo r  the a n c i l la ry  shea r 
box and t r ia x ia l  te s ts .
The shear s treng th  and conso lida tion  c h a ra c te r is t ic s  of the sand w ere  de te rm ined
from  the re s u lts  of f iv e  co nso lida ted -und ra ined  t r ia x ia l  tes ts  w ith  p o re w a te r p ressure
measurement c a r r ie d  out on 38mm d iam ete r sam ples. As can be seen from  the
re s u lts  shown in  the form  of a p 1 -  q ’ d iagram  in  F ig u re  26 the shear s tre ng th
param eters  w ere c ' = 0 , 0 '=  3 5 ° . As expected the re s u lts  from  d ire c t shea r te s ts
gave good agreem ent, Lee (1970) w ith  c 1 = 0 , 0 ’ = 3 4 ° . The c o e ffic ie n t o f
conso lida tion  of the sand was determ ined d u ring  the conso lida tion  stage o f the
3 2t r ia x ia l  tes ts  and was found to  have a mean va lue of 5 x 10 m / y r .  The tim e  to  
fa ilu re  of the p u ll -out te s ts , w h ich  w ere co n so lid a te d -d ra in e d , was ca lc u la te d  using 
the exp ress ion  p re s c rib e d  by G ibson and Henkel (1954) fo r  the d ra ined  shea r box te s t:
1 0 2
Where
h is  the length  of the d ra inage path
Cy is  the c o e ffic ie n t o f conso lida tion
Uc is  the degree of d iss ip a tio n  of p o rew a te r p re ssu res  at the ce n tre  of
the sam ple.
Two way dra inage is  in  e ffec t in  the p u ll out tes t r ig  g iv in g  a v e r t ic a l d ra inage  
path length  of 0.15m. with a 95% d iss ip a tio n  of p o re w a te r p re ssu re  the 
ca lcu la ted  tim e to  fa i lu re  was 24 m inu tes. On the basis o f a 10% s tra in  
to fa i lu re  o ve r a tes t p iece 240mm long the ra te  of pu lLou t was ca lcu la te d  to  be 
lm m /m in . T h is  ra te  is  co nse rva tive  s ince w ith  the low  placement m o is tu re  
contents used, ty p ic a lly  5%, the degree of sa tu ra tio n  of the sand was le ss  than 30%.
4 .2  P R O P E R T IE S  OF THE R E IN FO R C E M E N T
B efo re  conducting shear box and p u ll-ou t tes ts  on the va rio u s  re in fo rc in g  
m a te ria ls  plane s tra in  te n s ile  tes ts  w ere  c a r r ie d  out to  determ ine s tre n g th  and 
defo rm ation  c h a ra c te r is t ic s .  T here  is  no B r it is h  S tandard fo r  the plane s tra in  
te s t, how eve r, i t  has been suggested, S issons (1977), McKeand and S issons (1978) 
that the tes t be c a r r ie d  out on a 200mm wide sample w ith  a gauge leng th  o f 200mm 
the sample being clamped at both ends o ve r its  fu l l  w id th . L a te ra l s tra in  is  
p revented by s tiffe n in g  the sample w ith  r ig id  tra n s v e rs e  m em bers. In  te s tin g  
fa b r ic  these transve rse  members take the fo rm  of hardwood batten c lam ps, F ig u re  27 • 
The battens are  in  p a irs ,  one batten being f it te d  with stout s tee l p ins and the o th e r 
w ith  correspond ing  holes to  re ce ive  the p in s . F o r  convenience the battens are. -  ■ 
hinged toge the r at one end such that when the battens a re  c losed to g e th e r the 
rem ain ing  fre e  end can be secured w ith  a c la s p . In  ope ra tion  the p ins  on the clam p 
a re  made to p ie rce  the fa b r ic  whence the clamp is  c losed and se cu red . When 
using the 200mm gauge length ten tra n s v e rs e  clamps a re  em ployed. The ra te  o f 
s tra in  is  set at a somewhat a rb it r a r y  10% p e r m in . In  te s tin g  the net s tru c tu re  
la te ra l re s tra in t  was achieved by use of heavy alum inium  s tr ip s  bo lted  to  the sample 
again norm al to the d ire c tio n  of the p u ll.
The tes tin g  re p o rte d  here was in  gene ra l c a r r ie d  out on 150mm x 150mm samples 
using the H oundsfie ld  ex tensom ete r, F ig u re  28. As w i l l  be shown the e ffe c ts  o f
using a reduced w id th  sample a re  n e g lig ib le . Some tes ts  w ere c a r r ie d  out on 
200mm x 200mm samples in  w h ich  case a CBR machine was adapted to  apply 
te n s ile  lo a d . To evaluate  the magnitude of any s treng th  a n iso tro p y  tha t m igh t 
e x is t samples o f the re in fo rcem en t w ere  cu t from  the r o l ls  of fa b r ic  and net 
s tru c tu re  in  fo u r  o r ie n ta tio n s , F ig u re  29. D ire c tio n  1 was taken to  co inc ide  
w ith  the " le n g th w is e " d ire c t io n , tha t is  the d ire c t io n  in  w hich the m a te r ia l is  
unwound from  the r o l l .  F o r  u n id ire c tio n a l m a te ria ls  th is  d ire c t io n  concu rs  w ith  
the d ire c tio n  of m anufacture which is  term ed "them achine d ire c t io n " .  In  the 
case of T e rram i RF/12 and N e tlo n  FBM 5, w h ich  a re  both u n id ire c tio n a l m a te r ia ls , 
tes tin g  was c a r r ie d  out on ly  in  the p r in c ip a l d ire c t io n . S ince the "s ta n d a rd " 
ra te  of te n s ile  tes tin g  of 10% p e r min was not a pp ro p ria te  to  the proposed shear box 
and p u ll out tes ts  i t  was decided to  in ve s tiga te  ra te  e ffe c ts . As can be seen from  
F ig u re  30 the re  was no d isce rnab le  ra te  e ffec t fo r  e ith e r  the fa b r ic  o r  the net 
s tru c tu re  except FBM5 which is  cons ide red  la te r .  In  v iew  of th is  reduced ra tes  
of tes tin g  w ere  em ployed.
The re in fo rc in g  m a te ria l tes ted  fa l ls  in to  fo u r main ca te g o rie s :
a) P o lym er net s tru c tu re s .
b) P o lym er fa b r ic s .
c) M ild  s tee l sheet.
d) S tee l rod  mesh.
The po lym er net s tru c tu re s  are  m anufactured by N etlon L im ited  under the tra d e  
name N e tlon . In  total s ix  net s tru c tu re s  w ere  tes te d , namely:
1) N etlon CE 111
2) N etlon CE 121
3) Netlon CE 131
4) Netlon CE 161.
5) N etlon 1168
6) N etlon FBM5 (C u rre n tly  m arketed under the trade  name "T e n s a r " ) .
With the exception of FBM5 the net s tru c tu re s  a re  form ed by e x tru s io n  us ing  a 
simple but ingenious ro ta tin g  d ie . A much s im p lifie d  section  of the d ie is  shown 
in  F ig u re  31, from  w h ich  i t  can be seen tha t the d ie  cons is ts  o f an in n e r  d isc  w ith  
lo n g itu d in a l s lo ts  around its  o u te r p e r ip h e ry  and an ou te r annulus having lon g itu d ina l
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s lo ts  around its  in n e r p e rip h e ry . I f  the d ie is  s ta tio n a ry  i t  fo llo w s  
tha t e x tru s io n  of p la s tic  th rough  the d ie would produce s trands having  the same 
c ro ss  sections as the s lo ts . I f  how ever the o u te r d ie is  ro ta te d  against a 
p la in  in n e r d ie  th& extrus ion  would be a se rie s  o f unconnected s trands  fo rm ing  
a c lo ckw ise  s p ira l.  S im ila r ly  ro ta tio n  o f the in n e r d ie would form  an a n ti­
c lo ckw ise  s p ira l.  When both in n e r and o u te r sections a re  ro ta te d  s im u ltaneous ly  
then two se rie s  of s p ira ls  a re  fo rm ed, how eve r, when the s lo ts  in  the two sections 
.o f the d ie come in to  alignm ent a c ro s s o v e r is  made and so jo ins  the two s p ira l 
ex trus ion s  toge the r to  form  a tu b u la r n e t. T h is  tu b u la r net is  then s im p ly  
cu t to  g ive a sheet form  of N e tlon . V a r ia tio n s  on the extruded mesh co n fig u ra tio n s  
may be achieved by d raw ing  the tu b u la r net o ve r a. m andrel be fo re  c u tt in g .
V a rio us  o rie n ta tio n s  between the r o l l  and machine d ire c tio n s  may be achieved 
by cu ttin g  the net on the b ia s . The po lym ers used in  the e x tru s io n  p rocess  a re  
e ith e r  po lye thylene  o r  p o lyp ro p y le ne , in  both cases an uno rien ta ted  s tru c tu re  is  used. 
The FBM5 re in fo rcem e n t is  made by an e n t ire ly  d iffe re n t p rocess us ing  an 
u n ia x ia lly  o rie n ta ted  p o lv o le fin . The re s u lt in g  s tru c tu re  is  in  the fo rm  of an 
o rthogona l g r id  w ith  t ra n sve rse  members app rox im a te ly  6mm wide and 4mm deep at 
a p itch  o f 60mm. The tra n s v e rs e  members a re  jo ined to one ano the r by 
lo n g itu d in a l members app rox im a te ly  2.5mm w ide and 1.5mm deep at a p itch  o f 11mm.
The appearance of the net s tru c tu re s  tested can be seen in  F igures32 to  37.
P lane s tra in  tes t re s u lts  a re  g iven in  the form  of Load v s . S tra in  C u rves  in  F ig u re s  
38 to  42 w h ils t the sp e c ifica tio n s  of the net s tru c tu re s  in c lu d in g  observed  B re a k in g  
Loads in  kN /m  a re  given in  Table  2 . The measured te n s ile  s tre ng th  o f the FBM5 
was s e ve re ly  in fluenced  by the ra te  o f te s tin g . T h is  e ffec t can be seen qu ite  
c le a r ly  in  F ig u re  43 w hich shows e ight re s u lts  fo r  te n s ile  tes ts  on un it c e lls  of 
the net c a r r ie d  out at ra te s  of s tra in  v a ry in g  between 1.7% p e r min and 52.9%  p e r m in . 
A lso  shown is  the range of the m anufac tu re rs  re s u lts  from  tes ts  c a r r ie d  out at a 
ra te  of s tra in  of 200% p e r m in . A t th is  ra te  of s tra in  the maximum e x trap o la te d  
te n s ile  s treng th  is 9 0 k N /m  as compared w ith  th e ir  pub lished s tre ng th  o f lOOkN/m.
I t  is c le a r ly  ev ident tha t the m easured s treng th  le ve ls  o ff to a va lue of app ro x im a te ly  
50kN /m  at ra tes  o f s tra in  le ss  than 1.5% p e r m in . In  v iew  of th is  p lane s tra in  
te n s ile  te s ts  w ere c a r r ie d  out at a ra te  o f s tra in  of 1% p e r min on 195mm and 
200mm wide sam ples, F ig u re  42. The te s t re s u lts  w h ich  agreed very, c lo s e ly  
w ith  one a no the r, ind ica ted  an average u ltim a te  te n s ile  s treng th  of 6 0kN /m . T h is  
value is  deemed to  be the most re lia b le  and is  the re fe re  quoted as the b re ak in g  load 
in  Table  2 . One of the most s tr ik in g  fea tu re s  of the nets is  the te n s ile  s tre ng th
a n iso tro p y . T h is  is  i l lu s tra te d  fo r  N etlon 1168 in  the form  of a po la r B re a k in g  Load
d iag ram , F ig u re  44.
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The po lym er fa b r ic s  tested came from  the T e rra m  Range of m a te ria ls  
m anufactured by I . C . I  f ib re s .  A to ta l of th ree  fa b r ic s  w ere te s te d , namely:
1) T e rra m  1000
2) T e rra m  2000
3) Terram . RF/12
T e rra m  1000 and 2000 a re  non-woven fa b r ic s  produced by bonding the c ro s s o v e r 
points of a continuous P o lye th y le n e /P o lyp ro p y le n e  fila m e n t. BQnding is  achieved 
by app lica tio n  o f con tro lled  heat and p re ssu re  in  the so ca lle d  "m e ld in g " p rocess 
developed by I , C . I . The appearanceof the re s u lt in g  s tru c tu re s  can be seen in  
F ig u re  45. R esu lts  from  the plane s tra in  te n s ile  tes ts  on T e rra m  1000 and T e rra m
2000 are  g iven in  F ig u re s  46 and 47 re s p e c tiv e ly . Independent te s t data 
published by R a n k ilo r (1977)a iealso  shown on these f ig u re s . I t  is  in te re s t in g  
to note that the re  is  no s ig n ific a n t v a r ia t io n  in  the load deformation c h a ra c te r is t ic s  
d e rived  from  tes ts  on 150mm x 150mm samples andihose reduced p ro - ra ta  from  tes ts  
on 200mm x 200mm sam ples, F ig u re  46. As expected th is  m a te r ia l e xh ib ite d  a low  
degree of a n iso tro p y , F ig u re  43.
T e rra m  RF/12 is  a u n id ire c tio n a l com posite fa b r ic  produced by weaving 
continuous P o lye th y le ne /P o lyp ro p y le ne  f ib re s  in to  a kn itte d  base fa b r ic .  S ince 
the fa b r ic  is  designed to  be u n id ire c tio n a l the weave is  on ly  in  the p r in c ip a l d ire c t io n  
S pec ifica tio ns  of the T e rra m  se rie s  tested  a re  given in  Table  2 . The s tru c tu re  
of th is  fa b r ic  can be seen in  F ig u re  49* P lane s tra in  te n s ile  te s ts  w ere  c a r r ie d  
out on non-standard w id ths o f 170mm and 245mm g iv ing  ex trapo la ted  b re a k in g  loads 
of 50kN /m  and 60kN /m  re s p e c tiv e ly  at an a x ia l s tra in  o f a pp rox im a te ly  9 %■> F ig u re  
50. These b reak ing  loads a re  at extrem e va ria n ce  w ith  the va lue  o f 120kN/m 
published by R a n k ilo r (1977). The re s u lt  appears to  be e x trapo la ted  from  a grab 
ten s ile  te s t. T h is  is  cons ide red  to be a ra th e r  dubious e x tra p o la tio n  s ince a lthough 
a 200mm square sample is  used in  the grab tes t the sample is  on ly clam ped o v e r the 
c e n tra l 25mm. As a re s u lt  o f th is  the d is t r ib u t io n  of s tra in  and s tre s s  is  h ig h ly  
non un ifo rm  t i is  is  c le a r ly  shown in  F ig u re  51.
The s tee l re in fo rcem en t tested  is  co m m erc ia lly  a va ilab le  b r ig h t m ild  s tee l sheet
5 20.81mm (32 thou .) th ic k  having a measured y ie ld  s tre ss  of 2 x 10 kN /m  . In  the 
shear box and pu ll-ou t tes ts  the s tee l was used w ith  tw o types o f su rface  f in is h ,  
nam ely, p la in  and sanded. The p la in  s tee l has the as m anufactured su rface  f in is h .
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The sanded s tee l re in fo rcem en t was form ed by app ly ing  a th in  even coat o f 
A ra ld ite  epoxy re s in  to both s ides of the s tee l sheet, both su rfaces  w ere  
then even ly coated w ith  d ry  Boreham Wood sand and cu red  in  an oven at 105°C.
A ty p ic a l sanded s tee l su rface  is  shown in  F ig u re  52.
The s tee l rod  mesh was in  the form  of com m ercia lly  ava ilab le  concre te
re in fo rc in g  mesh. The p a r t ic u la r  tes t p iece was a 500mm long by 200mm wide .
section  of B R C -B 503 . T h is  is  a 2d0mm wide by lQQmm long mesh w ith  both
lo n g itu d in a l and tra n s v e rs e  rods being 8mm d iam ete r hard  draw n s tee l w ire  to
2
B .S .  4482 having a minimum u ltim ate  te n s ile  s tre ng th  o f 570N/mm .. T h is  
co rresponds to  b reak ing  loads and safe loads of 288 kN /m  and 116 kN /m  re s p e c tiv e ly . 
A ty p ic a l tes t p iece w ith  a 6mm th ic k  m ild  steel welded clamp p la te  is  shown in  
F ig u re  53-
4 .3  A N C ILLA R Y  SHEAR BOX T E S T S
Since credence is  g iven to the use of the d ire c t shea r box tes t to  m easure
s o il/re in fo rc e m e n t f r ic t io n ,  M c K it tr ic k  0978), i t  was decided to  c a r r y  out
a se rie s  of such tes ts  so that the re s u lts  m ight be compared w ith  those fo r  the
same re in fo rcem en ts  tested in  the pu ll-ou t appa ra tus . To th is  end some f i f t y
co n so lid a ted -d ra in ed  tes ts  w ere  c a r r ie d  out on Boreham Wood sand w ith  e leven
types of re in fo rcem en t using a standard  Wykeham F a rra n ce  60mm square shear
3
box. In  a ll cases the sand was compacted to  a d ry  dens ity  o f 1.88M g/m  .
3 2The high c o e ffic ie n t of co nso ld ia tion  of the sand, 5 x 10 m /y e a r  a llow ed  the 
tes ts  to  be run  at a ra te  of s tra in  o f 2% p e r m in , w h ils t s t i l l  ob ta in ing  b e tte r  
than 95% d is s ip a tio n  of p o rew a te r p re ssu re  generated at the ce n tre  o f the sand. 
B e fo re  tes tin g  the re in fo rcem en t th ree  tes ts  w ere c a r r ie d  out on the sand alone 
w h ich , assum ing a lin e a r  in te rp re ta tio n  gave an angle of in te rn a l f r ic t io n  o f 34° 
F ig u re  54. In  tes tin g  the net s tru c tu re s  samples w ere cut to  be an exact f i t  in  
the shear box. Each sample o f net was p laced in  the lo w e r h a lf o f the shea r box 
and packed on 60mmsqiare porous s tones, to  re n d e r the m id -p lane  of the net 
s tru c tu re  le ve l w ith  the top su rface  of the lo w e r h a lf of the box. T h is  method of 
se tting  up meant tha t h a lf the th ickness of the net s tru c tu re  was p ro je c tin g  upw ards 
in to  the upper h a lf o f the box. To p reven t th is  p ro je c tio n  fo u lin g  the upper h a lf 
of the box du ring  its  tra v e l a ll such p ro je c tio n s  w ere c a re fu lly  trim m ed o ff o v e r 
the f i r s t  8mm of the length o f the sample so re n d e rin g  the net s tru c tu re  flu sh  
w ith  the lo w e r h a lf of the box in  th is  c r i t ic a l  a re a . The samples w ere  
o rien ta ted  such that shearing  would o ccu r in  the same sense used in  the p u ll-o u t 
tests w ith  the exception of N e tlo n  1168 ^h is meant d ire c t io n  1, F ig u re  29.
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With the re in fo rcem e n t c o r re c t ly  a ligned and o rie n ta ted  the upper h a lf of the 
box was f i l le d  w ith  sand at the re q u ire d  d e n s ity . A t th is  stage the samples w ere 
conso lida ted  and sheared in  the norm a l m anner. The p la in  and sanded s tee l 
samples w ere tested in  a s im ila r  fash ion  save fo r  the fact that i t  va s  s im p ly  
the upper su rface  of the s tee l tha t was packed up to  be f lu s h  w ith  the top su rface  
of the lo w e r h a lf o f the shear box. In  the case of the fa b r ic  samples i t  was 
necessary  to  mount these on porous stones to  p reven t ru c k in g  of the samples 
d u rin g  sh ea rin g . As befo re  the mounted sample was.packed up in  the shear box 
to  re n d e r the upper su rface  of the fa b r ic  flu sh  w ith  the box.
The re s u lts  of the shear box tes ts  a re  given in  F ig u re s  55 to 65 in  the form  of 
p lo ts  of maximum shear s tre ss  ve rsus  norm a l e ffe c tive  s tre s s . F o r  com parison  
the angle of in te rn a l shearing  re s is ta n ce  o f  the sand alone is  shown on each p lo t 
as a broken l in e .  I t  is  more m eaningful to  d iscuss and compare these re s u lts  
w ith  those from  the pu ll-ou t te s ts , consequently  on ly  a c u rs o ry  a n a lys is  of the 
re s u lts  is  p resented  in  th is  se c tio n . The ex truded net re in fo rcem e n ts  a ll 
m ob ilised  v e ry  high angles of bond s tre ss  which a re  constant o v e r the range of 
norm al s tresses  used in  the te s ts . E x trem e ly  odd re s u lts  were obta ined fo r  the 
N etlon 1168. As can be seen from  F ig u re  59 in  e ight of the nine tes ts  pe rfo rm ed  
an apparent angle of bond s tre ss  g re a te r than 0 was m o b ilised . On exam ination 
of the f i r s t  set o f th ree  re s u lts  i t  was thought that the net was fo u lin g  the upper 
h a lf of the box. Two fu r th e r  sets of shear box tes ts  were c a r r ie d  out and again 
a s c a tte r of po in ts was obtained above the lineO  = 3 4 °. The on ly  te n ta tive  
conc lus ion  draw n is  tha t 6> 0 . S im ila r  re s u lts  w ere  obta ined fo r  the FB M 5,
how eve r, in  th is  instance  the fa ilu re  envelope was w e ll de fined . Inspection  of 
F ig u re  60 shows that at low  norm al s tresses  va lues of 6 >0 a re  m o b ilise d , in  
fact fo r  a normal s tre ss  of 25 kN /m ^ an apparent angle of bond s tre s s  of 66° was 
obta ined . S im ila r  behaviour at low  s tre ss  le v e ls  has been re p o rte d  by S ch lo sse r 
and E lia s  (1978) and M c K it tr ic k  (1978) who a ttr ib u te d  such behav iou r to  the e ffe c ts  
o f d ila tancy . I t  is  not l ik e ly  tha t d ila tan cy  alone would account fo r  6 being
O  rA32 g re a te r than 0 s ince as i t  has been shown by se ve ra l re s e a rc h e rs  the e ffe c ts  
of d ila tan cy  would account fo r  an inc rease  o ve r 0cv of app ro x im a te ly  17°, 
C o rn fo r th  (1973) , Ponce and B e ll (1971), o r  le s s , C o rn fo rth  (1961), Tom bs,
(1969),S k in n e r(1965). F ig u re  60 shows that at va lues of norm al s tre s s  
g re a te r than 200 kN /m  the tangen tia l va lue of 6 v e ry  n e a rly  equals 0 
The perfo rm ance of the net s tru c tu re s  in  te rm s of angles of bond s tre s s  a re  
sum m arised in  Table  3-
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R esu lts  fo r  the tes ts  on p la in  s tee l gave a v e ry  w e ll defined lin e a r  fa i lu re  
envelope w ith  5 = 2 0 .5 ° •  The re s u lt in g  value of 6 /0  = 0 .6 0  is  in  good 
agreement w ith  re s u lts  pub lished by Potyondy (1961) fo r  shear box tes ts  on 
smooth s tee l against dense d ry  sand. S im ila r  re s u lts  w ere obta ined by 
S ch losse r and V id a l (1969) who r e p o r t e d 6 / 0  ra t io s  of 0 .5 8  fo r  smooth 
alum inium  aga inst Leucate sand and 0 .4 6  fo r  the same re in fo rcem e n t aga inst 
a ca lca reous sand. The re s u lts  fo r  the sanded s tee l p la te ,  F ig u re  62, a re  
v e ry  s im ila r  to those fo r  the N etlon FBM5 w ith  the sanded s tee l e xh ib it in g  a 
va lue o f 6  =  63° at a norm al s tre s s  of 12 k N /m ^ . In  th is  ins tance  e q u a lity  between 
the tangen tia l 6 va lue and 0 is  achieved at norm al e ffe c tive  s tre sses  g re a te r  
than 100 k N /m ^ .
The fa b r ic  re in fo rcem en ts  a ll gave v e ry  s im ila r  re s u lts  w ith  a f a i r ly  w e ll 
defined lin e a r  fa i lu re  envelope being Pbtained in  a ll cases, F ig u re s  63 to  65* 
T e rra m  1000 and 2000 both achieved a 5 /0 ra t io  o f 0.91 which is  in  e xce llen t 
agreement w ith  the find ings  of McKeand and S issons (1978). The T e rra m  R F/12 
gave a ra t io  of un ity  which concurs  w ith  the va lue of 0 .97  obtained from  the data 
published by R a n k ilo r (1977)* A summary of the perfo rm ance of a ll e leven 
re in fo rcem en ts  tested is  g iven in  Table  3*
TABLE  3: . SUMMARY OF SHEAR BOX T E S T  RESU LTS .
REINFORCEMENT ANGLE OF BOND STRESS 
6 °
RATIO
6 / 0
NETLON CE 111 27.5 0.81
NETLON CE 121 32.0 0.94
NETLON CE 131 33.5 0.99
NETLON CE 161 34.0 1.00
NETLON 1168 > 0 ^ 1
NETLON FBM5
PLAIN STEEL 20.5 0.60
SANDED STEEL • ? 0 7 l
TERRAM 1000 31.0 0.91
TERRAM 2000 31.0 0.91
TERRAM RF/12 34^0 1.00
1 1 0
4 .4  PULL-OUT T E S T  RESU LTS
T h is  section  p resen ts  the re s u lts  of the pu ll-o u t tes ts  in  the form  of p lo ts  of
maximum shear s tre ss  m ob ilised  ve rsus  app lied  e ffe c tive  norm al s tre s s .
Superim posed on each of these p lo ts  a re  the re s u lts  frcm the d ire c t shear box
tes ts  and the angle of in te rn a l shearing  re s is ta n ce  of the sand alone as determ ined
in  the co nso lida ted -und ra ined  t r ia x ia l  tes t w ith  p o re w a te r p re ssu re  measurement
F o r  each re in fo rcm en t tested the apparent angle o f bond s tre s s , 6 , is  p lo tted
aga inst e ffe c tive  norm a l s tre s s . The angle of bond s tre ss  p resen ted  is
-1the secant va lu e , that is  6 = tan ( r / d a ) ,  as opposed to the in c re m e n ta l va lu e ,
 2
tha t is  6 = tan (d x /d a ^  ) .  F o r  re fe ren ce  these p lo ts  show the 0 ' va lue 
fo r  the sand a lone . Again th is  section  p resen ts  on ly  a s u p e rf ic ia l a na lys is  of 
the re s u lts ,  a more de ta iled  ana lys is  being d e live re d  in  the fo llo w in g  d iscu ss io n  
of re s u lts .
A to ta l of f iv e  net s tru c tu re s  w ere  tes te d . N etlon CE 111 was excluded from  the
pu ll-o u t tes t program m e in  v iew  of its  low  plane s tra in  te n s ile  s tre ng th  of 1 .7 kN /m ,
Table  2 . The re s u lts  fo r  N etlon CE 121 a re  given in  F ig u re  66 As can be seen
2at norm al s tre ss  le v e ls  le ss  than 7 -5  kN /m  , th is  s tru c tu re  m ob ilises  a high va lue 
of 6 of between 50° and 7 5 ° , F ig u re  67 . H ow ever, the maximum shea r s tre s s
mobilised does  not maintain this  in i t ia l  t r e n d .  At normal s t r e s s  l e v e l s  in e x c e s s
2 2 of 15 kN /m  the maximum shear s tre ss  m ob ilised  becomes constant at 11.7kN/m  .
The result of th is  is  an appa ren tly  decreas ing  value of 6 w ith  in c re a s in g  norm a l
s tre s s , F ig u re  67 . The reason fo r  th is  constant va lue of shear s tre s s  is  qu ite
s im ply a te n s ile  fa i lu re  o f the n e t. A l l  of the ex truded net s tru c tu re s  had
2embedded lengths of 240mm, thus assuming the maximum shear s tre ss  o f 11.7kN/m
to be m ob ilised  on both sides of the net the maximum load p e r m etre  w id th
susta inab le  is  2 x 0 .2 4  x 11.7 = 5»6kN/m  w h ich  is  in  reasonable  agreem ent w ith  the
b reak ing  load o f 4 .5 kN /m  measured in.the:plane s tra in  te n s ile  te s t ,  Tab le  2 . A
v e ry  s im ila r  re s u lt  was obtained fo r  N etlon CE 131, F ig u re s  68 and 69 , h ow eve r,
2fo r  th is  s tru c tu re  y ie ld in g  s ta r ts  at a norm a l s tre ss  of app rox im a te ly  5 kN /m  w ith
2a constant maximum value of shear s tre ss  of 6 .5 kN /m  being m ob ilised  at norm a l
2s tre ss  le ve ls  g re a te r than 10 kN /m  . The maximum m ob ilised  shear s tre s s  o f 
26; .5 kN /m  re p re sen ts  a maximum p u ll-ou t re s is ta n ce  of 3 .1 kN /m . T h is  is  in  
exact agreement w ith  the measured plane s tra in  b reak ing  lo a d , Tab le  2 . T h is  
c h a ra c te r is t ic  behav iour is  repeated fo r  N etlon CE 161, F ig u re s  10 and 71, w here  
a b reak ing  load of 4 .2  kN /m  is  re a lis e d . Two batches of N etlon  1168 w ere  te s te d . 
Again the same c h a ra c te r is t ic s  p re v a il w ith  h igh shear s tre s s e s , F ig u re  72, and 
high 6 va lu es , F ig u re  73,being m ob ilised  at low  norm al s tre ss  le v e ls . In  the 
two se rie s  o f tes ts  c a r r ie d  out i t  was found that batch No. 1 achieved a maximum
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2shear s tre ss  of 21.6kN /m  w h ich  co rresponds  to a b reak ing  load o f 10 .A. kN /m .
T h is  va lue is  in  exact agreement w ith  that m easured in  plane s t ra in ,
independently  by P ro fe s s o r W illiam s (1977) and is  in  v e ry  c lose  agreement
w ith  the A u th o r 's  m easured va lue of 10.2kN /m  , Table  2 . I f  noth ing e lse
th is  is  at leas t an in d ica tio n  of the p re c is io n  of the load m easuring  devices
employed in  the p u ll-o u t r ig .  The second batch of N etlon 1168 gave a p o o re r
2perform ance than the f i r s t  w ith  a maximum shear s tre ss  of 13.5kN /m  being 
m ob ilised . T h is  shear s tre ss  co rresponds to  a b reak ing  load o f 6 .5 k N /m  which 
is  in  c lose  agreem ent w ith  the measured va lue of 6 .6 k N /m . The low  s tre ng th  o f 
th is  batch of net was u ltim a te ly  found to  be due to a m a lfunction  in  the m anufacturing  
process causing a s ta rva tio n  o f m a te ria l in  the v ic in ity  of the c ro s s -o v e r  
po in ts of the net s tru c tu re . The fo rego ing  tes ts  have p roven  to  be b a s ic a lly  
v e ry  com plica ted te n s ile  te s ts , how eve r, the g e n e ra lly  c lose  agreement between 
b reak ing  loads b ack figu red  from  maximum m ob ilised  shear s tre s s  and the 
b reak ing  load m easured in  the plane s tra in  te n s ile  tes t con firm  that the la t te r  
tes t is  a good model of in s itu  s treng th  p e rfo rm ance . I t  would have been p oss ib le  
by using s h o r te r  embedded Lengths, to  ra is e  the norm al s tre ss  le v e l at which the 
s tru c tu re  fa ile d  in  ten s io n . In  v iew  of the s ize of the meshes in v o lv e d , 
p a r t ic u la r ly  CE 131, i t  was thought that th is  expedient m ight induce - the 
com p lica tions of some sample s ize  e ffe c t.
In  tes tin g  the FBM5 i t  was decided to  ad just the embedded length to  obvia te
te n s ile  fa i lu re  of the net and so be able to  dete rm ine  the magnitude o f p la n a r
2f r ic t io n  developed o ve r the norm al s tre ss  range ze ro  to  200 kN /m  . Based on the
m easured net b reak ing  load of 60 kN /m  an embedded length  of 325mm was used
2
reduc ing  to  200mm fo r  c r^ lO O  kN /m  w ith  a fu r th e r  re d uc tio n  to  150mm fo r  
2an ^  150kN/m . The re s u lt in g  p lo t of norm a l s tre ss  versus shea r s tre ss
is  g iven in  F ig u re  74. As can be seen the shear s tre ss  m ob ilised  r is e s  ra p id ly
fo r  norm al s tre ss  le ve ls  below app rox im a te ly  30 kN /m  . Above th is  th re s h o ld
the re  is  a lin e a r  in c re ase  of shear s tre ss  w ith  app lied  norm al s t r e s s .  The e ffe c ts
of these la rg e  m ob ilised  shear s tresses  a re  m ore re a d ily  conceived by re fe re n c e
to F ig u re  7.5 w hich shows the apparent 6 va lue decreas ing  from  an enorm ous 85°
at ze ro  norm al s tre ss  to  app rox im a te ly  42° at a norm al s tre ss  o f 200 k N /m ^ .
L in ea r e x trap o la tion  of F ig u re  74 indicates that the 6 value would equal 0
2at a norm al s tre ss  of app rox im a te ly  400 kN /m  .
The p u ll-ou t tes ts  on both the p la in  s tee l and sanded stee l w ere conducted using 
embedded lengths between 450mm and 500mm. R esu lts  fo r  the p la in  s te e l show
1 1 2
a lin e a r  re la tio n s h ip  between norm al s tre ss  and shear s tre ss  g iv in g  6 =31°,
F ig u re  76. The co rre sp on d ing  6 /0  is  0 .89  which is  some f i f t y  percen t h ig he r 
than that determ ined using the shear box. The add ition  of sand to  the p la in  
s tee l su rface  gave a d ram atic  im provem ent in  pu ll-o u t re s is ta n c e , F ig u re  77*
A t norm a l s tre ss  le ve ls  less than 25 kN /m ^ va lues of 60° to 80° w ere  obta ined 
decreas ing  to  a va lue of 48° at the norm al s tre ss  of 100 k N /m ^ , F ig u re  78.
A constant embedded length  o f 456mm -  3mm was adopted fo r  the p u ll out tes ts
on B R C -B 503 . I t  can be seen from  the p lo t of shear s tre ss  aga inst norm al
s tre ss  , F ig u re  79, tha t the re  is  a d ram atic  in c re ase  in  apparent shear s tre ss
2m ob ilised  up to  a norm al s tre ss  le v e l of app rox im a te ly  30 kN /m  . Above th is  
s tre ss  le v e l the ra te  o f in c re a se  in  shea r s tre ss  d rops to a steady ra te  
equ iva lent to  an apparent lo c a l 6 of some 43° • R eference to  F ig u re  80 shows that 
at v e ry  low  norm a l s tre ss  le ve ls  a ppa ren t angle of bond s tre ss  approaches 
90° w ith  th is  va lue decreas ing  w ith  in c re a s in g  norm a l s tre ss  le v e l.  H ow eve r, 
even at h igh norm al s tre ss  le v e ls  v e ry  high angles o f bond s tre ss  are m a in ta ined, 
as can be deduced from  F ig u re  80 6 d rops to  app rox im a te ly  50° fo r  a norm a l s tre s s  
le v e l of 200 k N /m ^ .
When tes tin g  the fa b r ic  re in fo rcem e n t co ns ide ra tion  was again given to  the
break ing  load of the tes t p ie ce . F o r  the T e rra m  2000 the embedded leng th  was
adjusted to g ive a fa c to r  of sa fe ty of at leas t tw o on the plane s tra in  b re ak in g
load of 16.8 kN /m , Table  2 . The re s u lt in g  p lo t o f norm a l s tre ss  ve rsu s  shear
s tre ss  is  g iven in  F ig u re  81 from  w hich i t  can be seen tha t the re  is  a m arked
decrease in  the ra te  of gain of maximum shear s tre ss  w ith  in c re a s in g  norm a l
s tre ss  le v e l.  T h is  phenomenon can be seen more c le a r ly  by in sp ec tio n  of F ig u re
82, w hich shows a ra p id  decrease in  6 w ith  in c re a s in g  norm al s tre s s .  O ver the
2norm al s tre ss  range ze ro  to  150 kN /m  th e re  is  a re d u c tio n  of 6 o f 42 w ith  a 
va lue o f6 of on ly  14° being m ob ilised  at the end of th is  range . A s im ila r  
re s u lt was obtained fo r  the T e rra m  R F /12 , F ig u re  83, w ith  6 decreas ing  to  
a p p ro x im a te ly  20° at a norm al s tre ss  o f 200 kN /m  , F ig u re  84.
4 .5  D IS C U S S IO N  OF R ESULTS
Com parison of the shear box tes t and p u ll-ou t tes t re s u lts  show tha t in  the case 
of the extruded net s tru c tu re s  the shear box tes t re n d e rs  a g ross  o v e r-e s tim a tio n
2of the apparent angle o f bond s tre ss  at norm al s tre ss  le ve ls  g re a te r than 10-20kN /m  
F ig u re s  66 to  73. The d isc repancy  between the two tes t methods is  somewhat 
sub jec tive  since by use of s h o r te r  embedded lengths in  the p u ll-o u t te s t i t  would 
have been poss ib le  to  have o ffse t te n s ile  fa i lu re  of the net s tru c tu re  to  a
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h ig he r norm a l s tre ss  le v e l, h ow eve r, the p a r t ic u la r  embedded lengths used 
se rve  to i l lu s t ra te  the need fo r  h igh ten s ile  s treng th  as w e ll as the a b i l i ty  
to generate  high bond s tre s s e s . Of the fo u r extruded net s tru c tu re s  tested  
1168 gave the best perfo rm ance h ow eve r, re fe re n ce  to  F ig u re  85 c le a r ly  shows 
tha t s tru c tu re  1168 gave the w o rs t perfo rm ance compared to the o the r 
re in fo rcem en ts  tes ted . Shear box tes ts  on FBM5 gave v e ry  s im ila r  re s u lts
2to  those obtained using the p u ll out tes t up to norm al s tre ss  le v e ls  o f 50kN /m  , 
F ig u re  74. Above th is  norm al s tre ss  the shear box g ives an u n d e r-e s tim a tio n  
of 6 h ow eve r, th is  u nd e r-e s tim a tion  decreases w ith  in c re a s in g  norm al s tre s s , 
F ig u re  75*
In  the case of the s tee l re in fo rcem en t the shear box tes t again appears to  under­
estim ate the angle of bond s tre ss  w ith  a 6 va lue o f 2 0 .5 °  compared to  31° 
obtained using  the p u ll-ou t r ig .  T h is  tendancy to  measure lo w e r bond s tre s s  
va lues in  the shear box tes t is  even more pronounced fo r  the sanded s te e l,
F i gure 77. Even at co m p a ra tive ly  h igh norm al s tre sses  the shea r box g ives  6 
values 15° -  20° low er than the p u ll-o u t te s t.
Reference to  F ig u re s  85 and 86 show that the s tee l mesh in  the form  of B R C -B 503  
is  by fa r  the most e ff ic ie n t re in fo rcem e n t tes te d . The mechanism in vo lve d  in  the 
genera tion  of such high bond s tre ss  in  mesh and net s tru c tu re s  poses some 
in te re s tin g  ques tions . S im ila r  perfo rm ance in  rib b ed  s t r ip  re in fo rce m e n t has 
been exp la ined away e n t ire ly  by the e ffec ts  of d ila ta t io n , M c K it t r ic k  (1978), 
S ch losse r (1978) S ch losse r & . E lia s  (1978). Experience- gained d u r in g  the tes t 
programm e re p o rte d  h e re in  cannot substantia te  such a s s e rtio n s . The in c re a se  
in  observed shear s tre ss  caused by d ila ta tio n  can be assessed using a v ir tu a l 
w o rk  ana lys is  s im ila r  to  that proposed by T a y lo r  (1948) and B ishop  (1950). I f  
the v e r t ic a l movement caused by d ila ta tio n  is  6v under the ac tion  o f a norm a l 
s tre s s tf '1 then fo r  a re in fo rcem e n t o f length  1 w id th  w and plan a rea  A the w o rk  
done in  causing th is  movement, in  a smooth sided tes t r ig ,  is  g iven by equation  i
&W = o ' A 6v ..................in
T h is  w o rk  is  equal to  tha t done by the a dd itio n a l shear s tre ss  At m oving
through  a d istance 61 w h ils t ac ting  on an a rea of 2A
6W = 2 A t A 61 . i i
1 1 4
I f  the inc rem en ta l s tra in  in  the plane o f the r ien fo rcem eh t is  6e % then
A T  £ > * -  o l  ...
100  1
S im ila r ly  i f  the vo lu m e tr ic  s tra in  is  ( AV/V )% 
e„  . 6( A  V /V ).VOV = .    IV100 1 w
I t  fo llo w s  from  equations i  to  iv  that
d ( A V / V ) .  Va »= n  . . v
d £ 212 w
Equation v may be evaluated using the re s u lts  from  the p u ll out tes t on B R C -B 503
2
at a norm al s tre ss  le v e l of 8 kN /m  . As m ight be expected th is  p a r t ic u la r  tes t
showed the h ighest ra te  of d ila ta tio n  of a ll the samples tes te d . These p a r t ic u la r
tes t re s u lts  a re  rep roduced  in  F ig u re  87. The re s u lt in g  ca lcu la te d  va lue  o f A t 
2is 1 kN /m  . T h is  compares w e ll w ith  the observed decrease in  shea r s tre s s  of
2approx im ate ly  2 kN /m  between the peak shear s tre ss  and that m ob ilised  at 
constant vo lum e. In  th is  case sim ple d ila ta tio n  accounts d ire c t ly  fo r  an increase  
in  6 of 0 .2 °  to  0 . / °  whereas the d iffe re n ce  between 6 and 0 is  some 4 5 ° . F u r th e r  
co ns ide ra tion  w i l l  be given la te r  to  the l ik e ly  mechanism in v o lv e d . Some in d ic a tio n  
of th is  mechanism might be gleaned from  tes t data pub lished by Chang et a l (1977) 
and re p ro d u ce d  in  Table  4 .
TABLE  4: CO M PARISO N OF PULL OUT R E S IS T A N C E S
TYPE OF REINFORCEMENT SURFACE AREA* PULL OUT RESISTANCE
% Gravelly Sand S ilty  Clay and Gravel
100mm x 200mm x 9.5mm diam. 
steel rod mesh 100 100 100
8 no. 9.5mm dia. longitudinal bars 69 9 -
12 no. 9.5mm dia. longitudinal bars 100 18 13
1 no. Solid Steel Plate 409 47 -
1 no. Galvanised Steel Strip 34 1 -
2 no. Galvanised Steel Strips 68 14 13
3 no. Galvansied Steel Strips 102 18 15
*  Expressed as percentage of figures for 100mm x 200mm steel rod mesh.
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R esu lts  s im ila r  to  those g iven in  F ig u re  79 fo r  BR C -B 503 have a lso  been 
obtained by Chang et a l ( lo c .c i t )  who c a r r ie d  out s im ila r  tests  on 200mm long x 
100mm wide mesh cons truc ted  from  9.5mm d iam ete r s tee l ro d . F ig u re  88 shows 
th ree  re s u lts  fo r  d ra ined  p u ll-ou t tes ts  in  p o o r ly  graded sandy g ra v e l,  0 = 3 5 ° , 
and one re s u lt  fo r  a tes t in  s i l ty  c la y  w ith  g ra ve l having a 0 value of 3 4 ° . No 
tes ts  w ere c a r r ie d  out at low  norm al s tre ss  le ve ls  consequently Chang et a l 
in troduced  a bogus cohesion in te rc e p t.
2Insp e c tion  o f F ig u re s  81 to  84 shows above norm al s tre ss  le v e ls  o f 30 k N /m  and 
2
80kN /m  re s p e c t iv e ly ,  th e  shear box tes t g ives a se rio us  o ve r-e s tim a tio n  o f bond 
s tre ss  fo r  T e rra m  2000 and T e rra m  R F /12 . A lthough the pu ll-o u t perfo rm ance  
of both fa b r ic s  was v e ry  s im ila r  at h igh norm al s tre ss  le ve ls  i t  is  thought that 
the mechanisms' invo lved  a re  qu ite  d if fe re n t.  U n like  the extruded net s tru c tu re s  
both fa b r ic s  w ere tested  w e ll below th e ir  u ltim a te  te n s ile  s treng ths  thus te n s ile  
fa i lu re  need not be co ns ide re d . In  the case of the RF/12 inspec tion  of the fa b r ic  
a fte r  tes t showed tha t at the end rem ote from  the p u llfo u t device the lo n g itu d in a l . 
f ib re s  had been pu lled  th rough  the kn itte d  base m a te r ia l,  F ig u re  89. In  o th e r 
words what was being measured was the c o -e ff ic ie n t o f f r ic t io n  between the 
lo n g itu d in a l f ib re s  and the kn itte d  base. T h is  is  borne out by F ig u re  90 which shows 
a p lo t of the va rio u s  s tre s s /s tra in  cu rves  re la t in g  to  RF/12 tested in  the shear box , 
p u ll-o u t tes t and RF/12 tested in  is o la t io n , i . e .  the plane s tra in  te n s ile  te s t,  F ig u re  
50. McGown et a l (1978) m aintains tha t the te n s ile  s tiffn e ss  of fa b r ic  in c re a se s  in  
a s o il env ironm ent. I f  th is  w ere  tru e  then the s tre ss /s tra in  cu rve  fo r  the p u l l -  
out te s t would be expected to  fa l l  to  the le f t  of the plane s tra in  c u rv e , F ig u re  90 . 
H ow ever, i t  does n o t, thus th is  re d uc tio n  in  s tiffn e ss  is  cons is ten t w ith  in te rn a l 
s lippage of the lo n g itu d in a l f ib re s .  Of course  such slippage cannot o c c u r in  the 
plane s tra in  te n s ile  tes t where both ends of the f ib re s  a re  anchored in  the jaw s of 
the appara tus .
A somewhat d iffe re n t mechanism is  thought to  account fo r  the behav iou r o f the T e rra m  
2000. Inspec tion  of F ig u re  91 shows a com parison of s tre s s /s tra in  cu rve s  from  shear 
box te s ts , the p u ll-o u t tes t and that deduced from  the p la n e -s tra in  te n s ile  te s t .  In  
th is  case the s tiffne ss  of the re in fo rcem en t is  im proved by the p resence of the s o i l -  
environm ent as p re v io u s ly  observed by McGown ( lo c .c i t ) .  Thus any fo rm  of in te rn a l 
f ib re  slippage is  u n lik e ly . A more l ik e ly  cause is  the s tra ig h te n in g  out' o f undu la tions 
in  the fa b r ic .  A lthough d u rin g  p lac ing  in  the p u ll-o u t r ig  eve ry  e ffo r t  was made to  
induce a s lig h t p re tens ion  in  the fa b r ic s  i t  is  in e v ita b le  that some undu la tion  must o c c u r . 
As the fa b r ic  becomes tau t under high p u ll-ou t loads i t  would tend to become p e r fe c t ly  
p lana r and thus move away from  the sm all am plitude depress ions caused in  the 
sand. Th is  reduc tion  in  contact a rea  would be associa ted  w ith  a decrease  in  p u l l -
116
out re s is ta n ce  and apparent angle of bond s tre s s . Such behaviour would be 
expected to  be associa ted w ith  an apparent decrease in  s tiffne ss  compared 
w ith  tha t re s u lt in g  from  the plane s tra in  te s t,  how eve r, such a decrease in  the 
troughs of any undula tions m ight be m in im ised by in c re ase s  of s t if fn e s s , M cG ownetal 
( lo c .c i t ) ,  at the peaks o f such undula tions where the fa b r ic  would s t i l l  be in  
contact w ith  the s o il.  I t  is  poss ib le  that the RF/12 was s im ila r ly  a ffected  
how eve r, slippage is  s t i l l  thought to  be the p r in c ip a l mechanism in v o lv e d . A 
s im ila r  mechanism has been postulated by Delmas et a l (1979) who observed 
s im ila r  behav iour in  fa b r ic s  pu lled  out from  coarse  g ra ve l where the fa b r ic  
in i t ia l ly  fo llow ed  the v e ry  uneven base s o il p ro f i le .
A com parison of the re s u lts  fo r  the seven best re in fo rcem en ts  tested  in  the p u l l-
out r ig  is  g iven in  F ig u re  85. As is  c le a r ly  shown the s tee l sheet, mesh and FBM5
do not s u ffe r any le v e llin g  o ff in  shear s tre ss  m ob ilised  at fa i lu re  at norm al
2s tresses  up to  200 kN /m  . C onve rs ley  the T e rra m  2000 and RF/12 show a
notable d rop o ff in  maximum shear m ob ilised  once the norm al s tre ss  exceeds
2approx im ate ly  30 kN /m  . I t  would appear tha t th is  reduced perfo rm ance  at 
h ig he r norm al s tre ss  le ve ls  is  c h a ra c te r is t ic  of fa b r ic s .  R esu lts  obta ined by 
H o ltz  (1977) from  pu lt-ou t tes ts  on Techn isk  Vav N o. 600, a woven p o ly e s te r fa b r ic  
a re  shown in  F ig u re  85 as in te rp re te d  by the A u th o r. The shape of the re s u lt in g  
cu rve  is  v e ry  s im ila r  to  tha t fo r  T e rra m , h ow eve r, the magnitude of the maximum 
shear s tresses  m ob ilised  in  th is  p a r t ic u la r  se rie s  of tes ts  would be expected to 
be somewhat lo w e r s ince the sand used was compacted to  a re la t iv e  d e n s ity  o f 65% 
com pared to the 86% mean re la t iv e  dens ity  obta ined in  the tes ts  on the T e rra m .
The s ig n ifican ce  of these re s u lts  becomes more apparent from  F ig u re  86 w h ich  
shows acemparison of angles of apparent bond s tre ss  ve rsus  norm a l s tre s s .
5 .0  PULL-OUT T E S T S  IN  CLAY
O nly a p re lim in a ry  assessment has been made of the p u ll-ou t re s is ta n c e  of po lym er 
re in fo rcem en ts  in  c la y  under undra ined co n d itio n s . A to ta l of tw e lve  u n - 
conso lida ted -undra ined  tes ts  w ere  conducted, s ix  using N etlon 1168 and s ix  using 
T e rra m  R F /12 . Embedded lengths of 285mm and 300mm re s p e c tiv e ly  w ere  . 
used. A constant p u ll out ra te  of 6mm/min was used in  both s e rie s  o f te s ts  to  g ive  
a minimum ca lcu la ted  ra te  of s tra in  of 2% perm in .The c la y  used in  both the p u ll 
out tes ts  and a n c il la ry  shear box tes ts  was K ao lin  C lay Grade D pow de r. A 
fre sh  batch of c la y  was p repared  fo r  each tes t at a m o is tu re  content o f 35%*
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A fte r  m ix ing  the c la y  was sealed in  a ir  tig h t bags and cu red  fo r  at le a s t th ree
days to a llow  m o is tu re  content e q u ilis a tio n . A t the end of the c u rin g  pe riod
the c la y  was p laced in  the p u ll-ou t r ig  in  75mm la y e rs  and compacted by the
Mk. I norm al load ing system , used as a h yd ra u lic  p re s s . Once sealed in  the r ig
the c la y  w as, where p o ss ib le , a llow ed to stand ove rn igh t to  a llo w  fu r th e r
e q u ilis a tio n .
5.1 P R O P E R T IE S  OF THE CLAY
The c la y  was compacted to  a bu lk  deni sty of 1.80Mg/m -0 .0 2 M g /m  .. A t the 
com paction m o is tu re  content of 35% , th is  rende red  a degree of sa tu ra tio n  
of app rox im a te ly  95%. E a r l ie r  tes ts  on the K ao lin  c la y  in d ica ted  tha t the 
undra ined shear s tre n g th , of sa tu ra ted  sam ples, could  be expressed  by the 
em p iric ism :
lo g 10eu = 10-608-5 -877  lo g 10(m /c)%
2F o r a m o is tu re  content of 35% th is  leads to an undra ined shear s treng th  of 34kN /m  . 
To check the v a lid ity  of th is  exp ress ion  la b o ra to ry  shear vane tes ts  w ere  
c a r r ie d  out on sm all b locks of c la y  taken at the end of each te s t.  As a check 
on a n is o tro p y  both v e r t ic a l and h o r iz o n ta l vane o rie n ta tio n s  w ere used in  te s tin g . 
The re s u lts  a re  sum m arised in  Table  5*
TABLE  5: VAN E SHEAR STRENG THS
MATERIAL TEST NO. fC. VERTICAL kN/m2 
u
C HORIZONTAL kN/m2 
u
NETLON 1168 50 17 17
ii 51 16 16
ii 52 14 18
it 53 20 14
it 5 A 16 16
ti 55 16 18
TERRAM RF/12 56 18 20
it 57 16 20
it 58 18 21
it 59 25 20
it 60 12 16
ii 61 18
AVERAGE 16.8 17.8
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As can be seen the re s u lts  a re  ex trem e ly  cons is ten t and the c la y  e xh ib its  an
unexpected is o tro p y ,h o w e v e r, the magnitude of the s treng th  was app rox im a te ly
h a lf of tha t a n tic ip a te d . To check th is  anomoly two sets of th re e  38mm
diam ete r samples w ere  taken from  tes t N os. 51 and 52. These samples w ere
tested unco n so lida te d -un d ra ine d  in  the t r ia x ia l  apparatus at c e ll p re ssu re s  
2 2of ze ro  , 50kN /m  and lOOkN/m . . The re s u lts  in  the form  of a M ohr d iagram
are  shown in  F ig u re  92. These re s u lts  g ive some exp lana tion ! fo r  the a ppa ren tly
low  shear vane re a d in g s . S ince the c la y  is  not fu l ly  sa tu ra ted  the undra ined
shear s treng th  at low  norm a l s tre s s  le ve ls  is  a function  o f the norm a l s tre ss
le v e l.  The shear vane tes ts  w ere  c a r r ie d  out at ze ro  norm al s tre s s . Tak ing
th is  in to  account i t  can be seen tha t the average shear vane tes t re s u lt  of 
2
17.3kN /m  , is  in  good agreement w ith  the ze ro  norm a l s tre ss  t r ia x ia l  te s t re s u lt
2 2 of l6 kN /m  . A t norm al s tre ss  le v e ls  above app rox im a te ly  70kN /m  the c la y
becomes fu l ly  sa tu ra ted  and achieves a m easured undra ined  shear s tre ng th
2 2 of 35kN /m  , F ig u re  92, w hich is  in  exce llen t agreement w ith  the va lue  o f 34kN /m
de rived  from  the e m p ir ic a l e xp re ss io n .
5 .2  A N C ILLA R Y  SHEAR BOX T E S T S
To give some com parison w ith  the re s u lts  obtained from  the undra ined  p u ll-ou t 
tes ts  a se rie s  of unconso lida ted-undra ined  shear box tes ts  was c a r r ie d  out using 
the standard  60mm square d ire c t shear box appa ra tus . F o u r tes ts  each w ere  
c a r r ie d  out on K ao lin  c la y , N etlon  1168 aga inst K ao lin  c la y  and T e rra m  RF/12 
against K ao lin  c la y .
F o r convenience the re s u lts  of the tes ts  a re  expressed in  te rm s of an adhesion 
fa c to r  w hich is  s im p ly  the ra t io  o f the apparent shear s tre ss  m ob iiised  and the 
undra ined shear s tre n g th ,c ^  , of the c la y . F o r  a re in fo rcem e n t w ith  an embedded 
plan area of A and u ltim a te  p u ll out re s is ta n ce  T:
/  T
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The v a r ia tio n  of the adhesion fa c to r  w ith  norm al s tre ss  is  shown fo r  N etlon  1168 
and T e rra m  RF/12 in  FigureS93 and 94 re s p e c tiv e ly . As can be seen both m a te r ia ls  
g ive high adhesion fa c to rs  w hich v a ry  s lig h t ly  w ith  norm al s tre ss  le v e l.  The mean 
values of fo r  N etlon 1168 and T e rra m  RF/12 a re  v e ry  n e a r ly  equal w ith  va lues 
of 0 .89  and 0 .86  re s p e c tiv e ly .
D u ring  th is  p re lim in a ry  in ve s tig a tio n  no d ra ined  pu ll-ou t tes ts  w ere  conducted , 
how eve r, co n so lid a ted -d ra in ed  shear box tes ts  w ere  c a r r ie d  o u t. The
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re in fo rcem en ts  tested w ere  N etlon  CE 111/121/131/161 and s tru c tu re  1168 
toge the r w ith  Terram. 1000 and T e rra m  2000. F o u r te s ts  w ere  c a r r ie d  out on 
K ao lin  a lone . Again the 60mm shear box was used w ith  the re in fo rc in g  
m a te r ia l set up in  the boxes in  the manner described  e a r l ie r .  Results from  these 
tes ts  a re  shown in  F ig u re s  95 to  102. F o r  com parison each p lo t shows the 0 
value o f K ao lin  of 24° as a b roken  l in e .  Insp e c tion  of the fig u re s  show tha t 
in  a ll cases 6 is  independent o f norm a l stress le v e l.  The re s u lt in g  6 va lues 
and the 6/ 0 f ra t io s  are  g iven in  Tab le  6 . C om parison of .these data .with those in  
Table  3 fo r  shear box tes ts  using sand shows tha t the & /0 *ratios fo r  the net a re  
app rox im a te ly  75% of the c o rre s p o n d in g  va lues in  sand w ith  mean va lues fo r  c la y  
and sand of 0 .7 0  and 0 .95  re s p e c tiv e ly . The change from  sand to  c la y  appears to 
have a less  m arked e ffec t on th e T e rra m  where app rox im a te ly  90% of the sand va lues 
a re  a tta ined  g iv in g  an average ra t io  in  c la y  o f 0.83  com pared w ith  0.91 in  sand.
TABLE  6 : SUMMARY OF SHEAR BOX T E S T  R ESULTS
REINFORCEMENT ANGLE OF BOND STRESS -  6 ° RATIO 6 / 0
NETLON CE 111 14.5 0.60
NETLON CE 121 16.5 0.69
NETLON CE 131 17.0 0.71
NETLON CE 161 19.0 0.79
NETLON 1168 17.5 0.73
TERRAM 1000 20.0 0.83
TERRAM 2000 20.0 0.83
5 .3  PULL-OUT T E S T  RESULTS
The undra ined pulL-out re s is ta nce  in  c la y  of on ly  tw o re in forcem ents was
inves tiga ted  w ith  s ix  tes ts  each being c a r r ie d  out on N etlon  1168 and T e rra m R F /1 2 .
In  a ll tw e lve  tes ts  theplacem ent m o is tu re  content and dens ity  o f the c la y  was
c a re fu lly  c o n tro lle d  to  give a sens ib ly  constant undra ined shear s tre ng th  o f 
235kN /m  . The on ly  depa rtu re  from  th is  standard was at norm a l s tre s s  le v e ls  le ss  
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than 70kN /m  where the undra ined shear s treng th  was assessed using the
re la tio n s h ip  given in  FLgure  92. From  the re s u lts  fo r  N etlon 1168 and T e rra m
RE/12 given in  F ig u re s  103 and 104 re s p e c tiv e ly  i t  can be seen tha t v e ry  low
2 2adhesions w ere obtained having mean va lues o f 5 *3kN /m  and 4 .6 kN /m  
re s p e c tiv e ly . The s ign ifican ce  of these low  adhesion va lues can be app re c ia ted  
more re a d ily  when expressed in  term s of the adhsion fa c to r  <=*4.. F ig u re  105
120
shows the re s u lts  fo r  N etlon 1168, as can be seen the average va lue  of 
from  the pu ll-ou t tes t is  0.18 compared to  the mean value of 0 .89  from  shear box 
te s ts . S im ila r  re s u lts  w ere  obta ined fo r  T e rra m  RF/12 , F ig u re  106, w h ich  
shows mean adhesion fa c to rs  from  the pu ll-o u t tes ts  and shear box tes ts  o f 0.16 
and 0 .86  re s p e c tiv e ly . The reason fo r  the ex trem e ly  low  adhesion fa c to rs  
measured using the p u ll-ou t r ig  is  not know n, how eve r, i t  is  most l ik e ly  some 
function  of the re la t iv e  s tiffne ss  of the re in fo rcem en t and the s o il.  S ince on ly  
two re in fo rcem en ts  of s im ila r  s tiffn e ss  have been tested  i t  is  not p oss ib le  to  come 
to any conc lus ion  as to  what changes a re  re q u ire d  in  the geom etry and mechanical 
p ro p e rtie s  of the re in fo rcem en t to  im prove  undra ined p u ll-ou t re s is ta n c e .
O bvious ly  a much more de ta iled  study is  re q u ire d  p a r t ic u la r ly  o f re la t iv e  s tra in s  
developed between s o il and re in fo rc e m e n t. Some co ns ide ra tion  is  g iven la te r  
to the l ik e ly  mechanisms in vo lve d .
5 .4  D IS C U S S IO N  OF RESULTS
The re s u lts  of the co nso lid a ted -d ra in ed  shear box tes ts  in d ica te  tha t fa b r ic ,  
in  the form  of T e rra m  1000/2000, g ives m a rg in a lly  b e tte r perfo rm ance  than net 
s tru c tu re s  w ith  a mean 6 /0 ra t io  of 0 .8 3  compared to  a mean ra t io  o f 0 .7 0  fo r  
the n e ts . The magnitude of these re s u lts  is  in  f a i r  agreement w ith  those re p o rte d  
by G reen et a l (1978). I t  is  cons ide red  how eve r, tha t l i t t le  s to re  can be put 
by shear box tes t re s u lts  s ince as the com para tive  tes ts  in  sand c le a r ly  show the 
a p p lic a tio n  of a te n s ile  pu ll-ou t load to re in fo rcem e n t can ra d ic a lly  change its  
f r ic t io n a l c h a ra c te r is t ic s . T h is  is  borne out by the com parison of the undra ined  
shear box and p u ll out tes ts  on N etlon  1168 and T e rra m  RF/12 where th e re  is  
a cons is ten t f iv e fo ld  d iffe re n ce  in  the re s u lts  using the two tes t m ethods. The 
ex trem e ly  low  adhesion fa c to rs  obta ined fo r  these re in fo rcem en ts  under undra ined  
cond itions are  v e ry  s u rp r is in g , how ever s inceccns is ten t re s u lts  w ere  obta ined 
these va lues must be accepted. O bvious ly  m ore w o rk  is  needed on the undra ined  
pu ll-o u t re s is ta n ce  of re in fo rcem en ts  in  c la y ,
6 .0  TH E D R A IN E D  PULL-OUT F A ILU R E  M ECHANISM  OF MESH IN  SAND
In  in te rp re t in g  p u ll out tes ts  on re in fo rcem en t i t  is  common p ra c tic e  to assume tha t 
the shear s tre s s , o r  bond s tre s s , is  developed on p la n a r su rfaces ad jacent to  
each face of the re in fo rce m e n t, S ch losse r & E lia s  ( lo c .c i t ) .  Thus fo r  a 
re in fo rcem en t of embedded length 1 and w id th  w under the ac tion  of a mean v e r t ic a l 
s tre ss  a 1 a p u ll out load of magnitude T g ives r is e  to  an apparent c o e ff ic ie n t of 
f r ic t io n  f *
f *  = tan 6 =T/21w cr^1
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At low  norm al s tre ss  le ve ls  th is  in te rp re ta tio n  fre q u e n tly  leads to 
ca lcu la ted  angles of bond s tre ss  w h ich  a re  co ns ide ra b ly  la rg e r  than 0,which
fo r  tes ts  re p o rte d , M c K it tr ic k  ( lo c .c it) ,a p p e a rs  to  be independent o f s tre ss  le v e l.
P u ll out tes ts  on plane s tee l s t r ip  embedded in  g ra v e l,  0 = 4 6 ° , under a norm a l s tre ss
2of app rox im a te ly  20kN /m  , have rende red  ca lcu la ted  bond s tre ss  angles of some
62° w ith  the d iffe re n ce  of 16° being accounted fo r  by the e ffec ts  o f d ila ta t io n ,
S ch losse r ( lo c .c i t ) .  Work by C o rn fo r th  ( lo c .c it )  shows th a t t l is  is  p o ss ib le ,
how ever, some doubt e x is ts  when the same argum ent is  p resen ted  to  exp la in  a
d iffe re n ce  of 36° m easured fo r  rib b ed  s t r ip  tested  under the same co n d itio n s .
Even more d ram atic  re s u lts  have beenpresented h e re , fo r  exam ple, at a norm al
s tre ss  le v e l of 8kN /m  the apparent angle of bond s tre ss  fo r  B R C -B 503 exceeds
0cy by 4 6 °. T h is  cannot p o ss ib ly  be a ttr ib u te d  s o le ly  to  d ila ta t io n . I t  was
apparent from  in i t ia l  p u ll-ou t tes ts  on the BRC mesh tha t m assive norm al s tre sse s
w ere being developed norm al to  the tra n s v e rs e  rods in  the plane of the mesh, in
fac t in  the f i r s t  two tes ts  p rem atu re  fa ilu re  was cau sed by shearing  o f the welds
a ttach ing  the tra n s v e rs e  rods to  the lo n g itu d in a l ro d s . A subsequent tes t on m e s h
w ith  re in fo rc e d  welds showed permanent d e flec tions  at the cen tre  of the tra n s v e rs e
rods up to  6mm. Simple ca lcu a ltio n s  showed tha t the rod  had su ffe red  an app lied
bending moment somewhere in  the p lastic  to  u ltim a te  range . Such bending moments
are  associated w ith  norm al s tre ss  le ve ls  in  the plane o f the mesh, in  the range 
2 2l.OMN/m to  1.7M N/m  . These va lues a re  much la rg e r  than those associa ted
3w ith  the poss ib le  passive  p re ssu re  w h ich  was ca lcu la ted  to be app rox im a te ly  0 .3M N /m  
These obse rva tions lead to the conclus ion  tha t fo r  meshes the fa ilu re  mechanism 
invo lves  the genera tion  of complex shear zones associa ted  w ith  the a rea  of 
re in fo rcem en t norm al to  the d ire c tio n  of p u ll out ra th e r  than p lan a rea  of the 
re in fo rce m e n t.
6.1 TH E E F F E C T S  OF MESH O R IE N T A T IO N  ON PULI^O U T R E S IS T A N C E
To inves tiga te  the e ffec ts  o f mesh o rie n ta tio n  on p u ll-ou t re s is ta n ce  a s e rie s  o f
co nso lid a ted -d ra in ed  p u ll out tes ts  was c a r r ie d  out using Netlon 1168 embedded in
sand compacted to a constant d ry  dens ity  and loaded to  a constant norm al s tre ss  
2
le v e l of 7»7kN/m  . Each sample of N etlon used was cut to  the same plan 
d im ensions having a w id th ,w , o f 110mm and a le n g th ,1 ,of 270mm. In  to ta l fo u r  
p a irs  of samples w ere tested w ith  each p a ir  being cu t at a d if fe re n t o r ie n ta tio n  from  
the r o l l  of mesh obtained from  the m a n u fa c tu re r. The re s u lts  of these tes ts  a re  
summari sed in  F ig u re  107 from  which i t  can be seen that the p u ll-ou t fo rc e ,  and 
hence the apparent shear s tre s s , a re  w ide ly  sca tte re d  desp ite  the fac t tha t the 
same plan, area of mesh was tested under the same cond itions  save fo r  the 
o rie n ta tio n  of the mesh. To p ro g ress  fu r th e r  i t  is  necessary  to  b r ie f ly  c o n s id e r
the geom etry of a re g u la r  mesh.
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Reference to  F ig u re  108 shows one set of p a ra lle l members of a sim ple mesh a ll 
in c lin e d  at an angle 6 to the norm al to the d ire c t io n  of the p u ll-ou t fo rc e .
The p a ra lle l members a re  a rranged  w ith  an equal spacing S . I t  is  poss ib le  
by the app lica tio n  of sim ple co -o rd in a te  geom etry to evaluate the component 
of length of each member norm al to  the d ire c tio n  of p u ll-ou t , s im ila r ly  the sum of 
these components may be ca lcu la ted  fo r  an a rra y  of such p a ra lle l members 
fa llin g  w ith in  an area of w id th  w and length 1. The same reason ing  may be app lied  
to  a second a rra y  o f p a ra lle l members that c ro ss  the f i r s t  a r ra y  to fo rm  a sim ple 
double la y e r  mesh. The o rie n ta tio n s  o f th is  second a rra y  may be defined by the 
lag  a n g le /\, F ig u re  109. The re s u lts  o f an ana lys is  c a r r ie d  out on mesh.280mm 
wide by 2l0nm  long w ith  members at a spacing of 6mm in  both la y e rs  a re  g iven in  
F ig u re  110 fo r  fo u r va lues of lag  ang le . As can be seen the in c lin a tio n  & of the 
p r im a ry  member has a d ram atic  e ffec t on the to ta l length of member p resen ted  
norm al to  the d ire c tio n  of p u ll-o u t. I t  is  in te re s tin g  to  note that i f  the c o r re c t 
mesh o r ie n ta tio n  is  adopted low va lues of lag  angle give the h ighest norm a l com ponent.
T h is  e xe rc ise  was c a r r ie d  out fo r  the mesh p re v io u s ly  tes ted , how eve r, the sums 
of the norm al components of member lengths w ere  m u ltip lie d  by the m em bers’ 
th ickness to  give to ta l norm al a re a , F ig u re  111. When the re s u lts  of the p u ll-ou t 
tests  were re p lo tte d  in  the form  of apparent shear s tre ss  against the to ta l norm al 
a r e a , ^ a ,  of each of the fo u r p a irs  of samples i t  was found that an alm ost l in e a r  
re la tio n s h ip  e x is te d . The s lig h t n o n - lin e a r ity  at high apparent s tre s s , and th e re fo re  
high p u ll-ou t lo a d , le ve ls  is  thought to  be due to a s lig h t change in  the geom etry of 
the mesh. In  summary the pu ll-ou t re s is ta n ce  of a mesh is  a func tion  of the sum 
of the components of the areas of the .members norm al to  the d ire c t io n  o f p u ll-o u t 
and not the plan area occupied by the mesh.
6 .2  THE FO RM U LATIO N OF THE D R A IN E D  PULL-OUT R E S IS T A N C E  E Q U A T IO N  
The p rev ious tes t re s u lts  in d ica te  that p u ll-ou t re s is ta n ce  is  a func tion  of^>a and 
norm al s tre ss  le v e l.  From  th is  i t  fo llo w s  tha t a genera l e xp ress ion  fo r  p u ll out 
re s is ta nce  might be of the form :
Where Nq is  a bearing  capac ity  co e ffic ie n t which i ts e lf  is  l ik e ly  to  be some 
exponentia l func tion  of 0 ' . To inve s tiga te  th is  p o s s ib il ity  a s e rie s  o f c o n s o lid a te d -
dra ined  t r ia x ia l tes ts  was c a r r ie d  out on 38mm d iam ete r samples of Boreham Wood 
P it sand p repared  to  the same re la t iv e  dens ity  used throughout the p u ll-o u t te s ts .
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The norm al s tre ss  at fa i lu re  was ca lcu la ted  fo r  each sample from  knowledge of the 
in c lin a tio n  o f the fa i lu re  p lane , w hich was assumed . to  be in c lin e d  at 45 + 0 /2  
to the h o rizo n ta l and the magnitude of the p r in c ip a l e ffe c tive  s tresses  at fa i lu re .  
The re s u lt in g  p lo t of 0 ' aga inst the lo g a rith m  of norm al e ffe c tive  s tre ss  showed 
a w e ll defined lin e a r  re la tio n s h ip  as shown in  F ig u re  113.
The p u ll-ou t tes t re s u lts  fo r  BR C -B 503 and N etlon  FBM5 w ere re -e va lu a te d  to  
re n d e r va lues of N^ from  knowledge of th&pull-out load T , the p re v a ilin g  norm al 
s tre ss  le ve l and the sum of the norm al components of the maximum c ro ss -s e c tio n a l 
a reas of the mesh mem bers. The re s u lt in g  N ^ va lues were associa ted w ith  a 0 ’ 
from  F ig u re  113 a pp ro p ria te  to the norm al s tre ss  le ve l of the p u ll out te s t.  These 
re s u lts  a re  p lo tted  in  the form  of the lo g a rith m  of Nq against angle of shearing 
re s is ta n c e , F ig u re  114. As can be seen both meshes show a fa i r ly  w e ll defined 
lin e a r  re la tio n s h ip  of the form :
Where P- is  a constant fo r  thsmesh co ns ide re d . The c ro s s -s e c tio n s  of the 
tra n sve rse  members fo r  the two meshes were d iffe re n t being c ir c u la r  fo r  the 
BR C -B503 and in  the form  of an ellipse trunca ted  at both endsfcr the FBM5* I t  
is  poss ib le  th e re fo re  that p is  a sim ple func tion  of these geom etries . I t  is  
postu la ted then that the genera l exp ress ion  fo r  the p u ll out re s is ta n ce  of an o rthogona l 
mesh is  of the fo rm :
T = o 1n
The above express ion  c e r ta in ly  in v loves  the development of some com plex shear zone 
a ro un d  each tra n s v e rs e  member. A v e ry  crude  and q u a lita tiv e  assessm ent o f the 
l ik e ly  form  of th is  shear zone was made by executing  a .crude p u ll-ou t tes t on a 
s ingle 40mm d iam ete r s tee l rod  embedded in  sand conta ined in  a perspex box. The 
sand was c ru d e ly  marked w ith  v e r t ic a l lin e s  of b lack  sand at app rox im a te ly  50mm 
h o rizo n ta l c e n tre s . The deform ation  of these m a rke r la y e rs  w ere  photographed as 
the pu lFou t tes t p roceeded, thus g iv ing  some approxim ate in d ica tio n  o f the de fo rm a tion  
fie ld developed in  the v ic in ity  of the c ir c u la r  c ro ss -se c tio n  of the ro d . These 
photographs a re  rep roduced  in  F ig u re s  115a to 115f w ith  the in i t ia l  p o s itio n  o f the 
rod  being depicted in  F ig u re  115a. As can be seen the sand is  c o n s is te n tly  deform ed 
in fro n t of the rod  and a " t a i l "  appears to be developed behind the ro d . U n fo rtu n a te ly  
the test was not re fin e d  enough to define a p re c ise  fa i lu re  su rface  how ever i t  is  
amply evident that i t  is  not p la n a r.
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7 .0  THE U N D R AIN ED  PULL-OUT F A ILU R E  M ECHANISM  OF MESH IN  CLAY
E a r l ie r  pu ll-ou t and shear box tes ts  on N etlon  1168 il lu s tra te d  a la rg e  d iffe re n ce  in
the va lues of adhesion fa c to rs  obta ined using the two types of te s t.  Reference
to F ig u re  105 shows mean adhesion fa c to rs  of 0.18 and 0 .89  as m easured using the
pu ll-ou t tes t and shear box tes t re s p e c tiv e ly . A lm ost iden tica l, fa c to rs  w ere
obtained fo r  RF/12 w ith  va lues of 0.16 and 0 .8 6  re s p e c tiv e ly , being obta ined .
I t  was decided to  in ve s tig a te  th is  phenomenon fu r th e r  by c a r ry in g  out
supplem entary shear box and pu ll-ou t tes ts  us ing a re g u la r  o rthogona l mesh in  the
form  of Weldmesh 5119 ga lvan ised  mesh. T h is  p a r t ic u la r  mesh is  m anufactured from
lmm diam ater b r ig h t d raw n w ire  welded at the w ire  in te rs e c tio n s . Long itud ina l and
tra n s v e rs e  members a re  at spacings of 25.4mm and 12.7mm re s p e c tiv e ly . A to ta l
of five  unconsolidated-undrained p u ll out tes ts  w ere conducted using K ao lin  c la y
2loaded at norm al s tre ss  le ve ls  in  the range ze ro  to 200kN/m  . A t the end o f each 
tes t th ree  38mm diam eter samples w ere taken from  the c la y  adjacent to  the mesh. 
These w ere tes ted , unconso lida ted -und ra ined , at c e ll p re ssu res  equal to  { ,  1 
and 2 tim es the norm al s tre ss  le ve l used in  the pu ll-ou t tes t . An embedded mesh 
size of 230mm by 230mm was used fo r  each tes t g iv ing  r is e  to  a minimum fa c to r  o f 
sa fe ty of 1.5 against te n s ile  fa i lu re  o f the mesh. As an a n c il la ry  a s e rie s  of s ix  
60mm unconso lida ted-undra ined  shear box tes ts  was c a r r ie d  out w ith  norm al s tre ss  
le ve ls  w ith in  the same range as those used in  the pu ll-ou t te s ts . T h ree  of these 
tes ts  w ere s im ply used to  measure the undra ined shear s treng th  o f the c la y  w h ils t 
the rem ain ing th ree  measured the c lay /m esh  adhesion w ith  the mesh set up in  the 
shear box in  the manner p re v io u s ly  d e sc rib e d . The re s u lts  of these tw o s e rie s  of 
tes ts  a re  presented in  the form s of adhesion fa c to rs  in  F ig u re  116. As can be seen 
the adhesion fa c to r de rived  from  the pu ll-o u t tes ts  are  co n s is te n tly  lo w e r than those 
d e rived  from  the shear box te s ts , w ith  mean va lues of 0 .39  and 1.07 re s p e c t iv e ly .
7.1 FO RM U LATIO N OF THE U N D R AIN ED  FULL-OUT R E S IS T A N C E  E Q U A T IO N .
I t  was thought that the pu ll-ou t re s is ta nce  of a mesh, under cond itions  o f undra ined  
loading might be expressed by an equation s im ila r  in  form  to  that postu la ted  fo r  
d ra ined  pu ll-ou t re s is ta n c e . H owever i t  appears that fo r  a to ta l s tre ss  a n a ly s is , 
where the bearing  capac ity  c o e ffic ie n t is  co m para tive ly  lo w , i t  is  necessa ry  to  
co ns ide r the e ffec ts  of skin  adhesion on the su rface  area of the mesh p a ra lle l to the 
d ire c tio n  of the pulk-out fo rc e , thus
T = Nq Cu£a + /3C u£ .a s '  . ( i)
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W here, as before  , ^ a  is  the sum of the a reas of the members norm al to the 
d ire c t io n  of the p u ll out fo rce  a n d ^a g is  the sum of the su rface  a reas o f the 
members p a ra lle l to  the d ire c t io n  o f the pu ll-ou t fo rc e . The c o e ffic ie n t fb  
is  a sk in  adhesion fa c to r .  F o r  example if. the sum of the norm al and p a ra lle l 
member lengths a re  ^.1^ and I  re s p e c tiv e ly  then fo r  an o rthogona l mesh of 
ro d  o f .diam eter D:
T = N C uD £ ln  + /3Cu n DSLl..................................................................... ............ ( i i )c 7 p
The adhesion f a c t o r © ^  has been p re v io u s ly  defined as the ra t io  of apparent su rface  
shear s tre ss  to  undra ined shear s tre n g th . Thus fo r  a re in fo rcem en t w ith  an 
embedded plan a rea A:
^  =  - 2 — ................................................................................................................................................................................C i i i )
2ACu
to a redefin ition  o f the adhesion fa c to r :
 ( iv )
F o r the sp ec ific  case of the rod  mesh under co ns ide ra tion :
ex. = N + p   (v)
2A
The above equation  was evaluated fo r  the Weldmesh 5119 using somewhat a rb ita ry  
va lues of 7 .5  and 0 .5  fo r  Nc and fb  re s p e c t iv e ly . T h is  gave r is e  to  a ca lcu la te d  
adhesion fa c to r of 0 .3 8  w hich is  ve ry  c lose  to  the mean measured va lue  o f 0 .3 9 . 
T h is  c lose agreement is  obv ious ly  fo r tu ito u s ,h o w e v e r, s ince the chosen va lues 
of bea ring  capac ity  fa c to r and skin  adhesion fa c to r  a re  reasonable  i t  is  postu la ted  
tha t the genera l equations are  o f the c o rre c t fo rm . One obvious om iss ion  in  
Equation ( iv )  is  the l im it  fo r  the adhesion fa c to r  . I f  co ns ide ra tion  is  lim ite d  to  
sa tu ra ted  c lays  where shear s treng th  is  independent of ambient s tre s s  le v e l then 
the upper lim it  o f the adhesion fa c to r  must be u n ity ,th a t is  th e re  w il l  be a c r i t ic a l  
shear plane d isco n tin u ity  on both sides of the re in fo rcem en t in  the plane of the 
re in fo rce m e n t. T h is  thes is  was tested by p re p a rin g  an o rthogona l "m esh " whose 
tra n sve rse  members w ere 50mm deep and 200mm w ide . These tra n s v e rs e  members 
w ere ve ry  s t i f f  being made from  6mm th ic k  s tee l p la te . The two lo n g itu d in a l
Combining Equations ( i)  and ( i i i )  leads
N c £ a  + . / 3 ^ as ex. = ----------------------------
2A
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members were 12.5mm d iam eter s tee l rods on w h ich  the tra n s v e rs e  members 
w ere attached at 92mm c e n tre s . The genera l appearance of the tes t p iece 
in c lu d ing  the spec ia l p u ll-ou t b racke t can be seen in  F ig u re  117. A p p lica tio n  
of Equation ( i)  in d ica te d  an adhesion fa c to r  of 2 .2 7 . One p u ll out tes t was 
conducted, tog e the r w ith  associated t r ia x ia l te s tin g  o f the c la y  in vo lved  in  the 
te s t.  T h is  re su lte d  in  a measured fa c to r  of 0 .9 8 .
7 .2  D IS C U S S IO N  OF R E S U LTS .
The lim ite d  in ve s tig a tio n  c a r r ie d  out in d ica te s  that the tes t apparatus has a v e ry  
substan tia l e ffec t on the measured adhesion fa c to rs . The low  va lues of adhesion 
fa c to r m easured in  the pu ll-ou t tes t can be accounted fo r  by app lica tio n  of the 
proposed genera l equa tion . H ow ever the high adhesion factors-neasured in  the 
shear box are  an enigm a. I t  is  poss ib le  tha t in  the shear box the in d iv id u a l c e lls  
of the mesh form  a m u lt ip lic ity  o f sm all b w e r  shear box halves each confin ing  its  own 
element of s o il thus p resen ting  a p la na r shearing  su rface  made up p a r t ly  o f the 
m a te ria l of the mesh and p a r t ly  of the c la y . Some credence is  g iven to  th is  
p o s s ib il ity  by the fact tha t the adhesion fa c to r  fo r  the Weldmesh was la rg e r  than 
that fo r  the N etlon 1168. T h is  might be expected to  be the case since the open a rea 
of the Weldmesh is much g re a te r than that o f the N e tlon . I t  can on ly  be concluded 
that the occu rrence  of unassociated shearing  on both sides of a mesh re in fo rcem e n t 
invo lves  a d iffe re n t mechanism to  tha t o c c u ir irg  when the re  is  assoc ia ted  shea ring  
on both sides of the mesh.
One of the most obvious conc lus ions tha t can be draw n from  the re p o rte d  s e rie s  
of tes ts  is  that the^observed fr ic t io n a l perfo rm ance of a re in fo rcem en t is  v e ry  
dependent on ttedype of te s tin g . I t  is  found that fo r  s t i f fe r  re in fo rc e m e n ts , i . e .  
s tee l and FBM5 , tested in  sand, the shear box tes t tends to in d ica te  a lo w e r  f r ic t io n a l 
re s is ta nce  than that observed in  the p u ll-ou t te s t. The re v e rs e  is  the case fo r  
the more extens ib le  fa b r ic s  which show a pronounced le v e llin g  o ff o f p u ll-o u t 
re s is ta n ce  w ith  in c re a s in g  norm al s tre ss  le v e ls .  T h is  re s u lt is  qu ite  c o n tra ry  to  
that from  the shear box tes t which ind ica tes  a constant angle o f bond s tre s s  w h ich  
is  independent of norm al s tre ss  le v e l.  Of the syn the tic  re in fo rcem en ts  tes ted  in  
sand the Netlon FBM5 gave by fa r  the best perfo rm ance w ith  respec t to  p u lF ou t 
re s is ta n c e . The FBM5 gave ra th e r  d isapppo in ting  te n s ile  s tre n g th s , the mean 
s treng th  being 60kN /m . S ince a successfu l re in fo rcem en t must e xh ib it an 
a pp ro p ria te  balance of p u ll-ou t re s is ta nce  and te n s ile  s treng th  i t  is  fe lt  tha t some 
im provem ent must be made on th is  f ig u re .
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A lim ite d  study of the undra ined pu ll-ou t re s is ta n ce  of RF/12 and N etlon 1168 
in  c la y  gave v e ry  d isappo in ting  re s u lts  w ith  an average adhesion fa c to r  o f 0 .17. 
The reasons fo r  th is  v e ry  low  pu ll-ou t re s is ta n ce  a re  unknown, how eve r, i f  
syn the tic  re in fo rcem en t is  to  be adopted fo r  use in  c la y  then th is  phenomenon must 
be fu r th e r  inve s tiga ted  w ith  a v iew  to de fin ing  the mechanisms invo lved  and 
thence e ffe c tin g  some im provem ent. :
As stated p re v io u s ly  the N etlon  FBM5 has g iven v e ry  p rom is ing  re s u lts ,  how ever, 
th is  assessment is  based on tes ts  c a r r ie d  out in  dense sand o n ly . I t  is  
recommended that the e ffec ts  of both s o il dens ity  and g rad ing  be in ve s tig a te d . T h is  
would in vo lve  tes ts  in  sand at va rio u s  dens itie s  and a lso  a c o a rs e r m a te r ia l,  say 
g ra v e l, a lso  p repa red  at va rio u s  d e n s itie s . I f  the FBM5 is  to be used in  more 
cohesive  s o ils ,  e .g .  c la y s , then i t  would be necessary  to  conduct both d ra ined  
and undra ined pu ll-ou t tes ts  in  c la y . B e fo re  such tes tin g  is .c a r r ie d  out i t  would 
prove  in s tru c tiv e  to c a r ry  out a desk study of the app lica tio n  o f FBM5 to  va rio u s  
aspects o f s o il re in fo rce m e n t. Two obvious a pp lica tions  a re  re in fo rc e d  ..earth 
w a lls  and re in fo rc e d  ea rth  embankments. C u rre n t design c r i te r ia  e x is t fo r  the 
fo rm e r a pp lica tion  and these could  be adopted to  give a th e o re tic a l eva lua tion  of the 
use of FBM5 in  w a lls . O bv ious ly  the economic fa c to r  would have to  be in c lu de d , 
th e re fo re , the study should be com para tive . No accepted design method ex is ts  
fo r  re in fo rc e d  ea rth  embankments thus a desk study o f FEM5 in  th is  a pp lica tio n  
would in vo lve  the development of some sim ple design th e o ry . I t  is  thought tha t 
such a study would focus on the cost e ffec tiveness  of FBM5 as w e ll as in d ic a tin g  
any adjustm ent tha t is  needed in  the s tru c tu re  to  give the a p p ro p ria te  balance of 
pu ll-ou t re s is ta n ce  and ten s ile s tre n g th .
8 .0  R E IN FO R C E M E N T ..S T IF F N E S S
R e la tive  s o il/re in fo rc e m e n t s tiffn e ss  must have a v e ry  s ig n ific a n t e ffec t on the 
degree of in te ra c tio n  between these two com ponents. The su rface  form  and 
roughness of the re in fo rcem en t must a lso  p lay  a v i ta l  ro le .  Two obvious examples 
of in e ffe c tive  re in fo rcem en t a re  a n . in f in ite ly  s t i f f  p e r fe c tly  smooth re in fo rcem e n t 
and a p e r fe c tly  rough re in fo rcem en t o f ze ro  s tif fn e s s . A de ta iled  in ve s tig a tio n  
of th is  top ic  is  beyond the scope of th is  th e s is , how eve r, i t  is  in te re s tin g  to  make 
a b r ie f  com parison of the re in fo rcem en t s tiffn e ss  in  the s o il environm ent and in  
is o la t io n . To make th is  com parison i t  is  necessary to  co n s id e r tw o d e fin it io n s  
of s tif fn e s s . F ir s t ly  fo r  the p u ll-ou t tes t the apparent re in fo rcem e n t s t if fn e s s , S , 
may be defined as fo llo w s :
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F o rce  pe r un it w id th  (kN /m ) 
E longation  (m)
2t 1 
£ p l
=  2 t  •  •  •  *(0
£p
The s tiffn e ss  of the re in fo rcem e n t in  is o la tio n  is  taken to  be equal to  the 
s tiffn e ss  m easured in  the plane s tra in  te n s ile  tes t and is  denoted St . F o r  
s tee l re in fo rcem en t may be ca lcu la ted  from  a knowledge of the defo rm ation  
m odulus, s ize and geom etry o f the re in fo rcem e n t:
S =. F o rce  p e r un it w id th  (kN /m )
E longa tion  (m)
2x1
2 t  ( i i )
In  the re s u lts  p resented the value of t taken is  a r b i t r a r i ly  one th ird  
of the fa ilu re  va lue .
I t  is  apparent from  Equations ( i)  and ( i i )  that the two s tiffnesses  a re  s im p ly  a 
function  o f the apparent s tra in  in  the p u ll out te s t,  £ p , and the measured o r  
ca lcu la ted  , s tra in  at the same load in  the plane s tra in  te n s ile  te s t.  The 
re la t iv e  perfo rm ance of a re in fo rcem en t in  s o il may be expressed by a s tiffn e ss  
ra tio -S  ' /S t .
C ons ide ra tion  of s tiffnesses  has been lim ite d  to  tw o  extrem es in  the form  of 
fa b r ic  re in fo rcem en t and stee l re in fo rce m e n t. In spec tion  cf Table  7 show s, 
fo r  the re in fo rcem en ts  tes ted , that the re  is  at leas t an o rd e r of m agnitude., 
d iffe re n ce  in the in - s o i l  s tiffn e ss  of these ex trem es.
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TABLE  7: PULL OUT S T IF F N E S S E S
REINFORCEMENT NORMAL STRESS kN/m2 STIFFNESS MN/m/m
TERRAM 2000 1 2 - 1 6 3 0.4 -  2.2
TERRAM RF/12 28 -  203 1.2 -  2.9
BRC-B503 . 8 - 1 2 8 31.5 -  52.7
PLAIN STEEL 2 5 - 7 5 ' 49.8 -  116.5
The e ffec ts  of the s o il environm ent on these re in fo rcem en ts  a re  p resen ted  in
the form  of p lo ts  of s tiffne ss  ra t io  against norm al s tre s s . R eference to  F ig u re
118 s hows a d ram atic  im provem ent in  the s tiffn e ss  of T e rra m  2000 w ith  the
s tiffn e ss  ra t io  in c re a s in g  w ith  norm al s tre ss  up to  a norm al s tre ss  le v e l of 
2
75 kN /m  . T h is  tre n d  is  a lm ost c e r ta in ly  assoc ia ted  w ith  s o il confinem ent 
reduc ing  the a b i l ity  of the continuous f ib re s  o f the fa b r ic  to  s tra ig h te n  and the 
tendancy fo r  vo ids in  the fa b r ic  to elongate in  the d ire c tio n  of the app lied  te n s ile  
lo a d . The la t te r  mechanism is .pure ly  a m an ifesta tion  of an absolu te  plane s tra in  
lo a d ing . S im ila r  im provem ents in  s tiffn e ss  have been observed by McGown et 
al (1978). A t h ighe r norm al s tre ss  le ve ls  th e re  is  a decrease in  the s tre s s  ra t io  
due to s tra ig h te n ing  and poss ib le  debonding of the f ib re s .
F o r the s t i f fe r  re in fo rcem en ts  the more p re d ic ta b le  re s u lts  shown in  F ig u re  119
w ere obta ined . Where the s tiffn e ss  ra t io  is  le ss  than un ity  the in - s o i l  s tiffn e s s
is  c o n tro lle d  by the s o il s tiffn e ss  and as expected th is  shows an in c re a se  w ith
in c re a s in g  s tre ss  le v e l.  The le v e llin g  o ff in  s tiffn e ss  ra t io  su ffe re d  by the
2T e rra m  RF/12 at norm al s tre ss  le ve ls  above lOOkN/m is  assoc ia ted  w ith  the slippage 
of the lo n g itu d in a l f ib re s ,  th rough  the kn itte d  fa b r ic  base described  e a r l ie r .  .
8.1 AN A N A LY T IC A L  MODEL OF MESH S T IF F N E S S .
The s tiffn e ss  of any p ris m a tic  s tru c tu ra l member is  s im ply a func tion  of i ts  le n g th , 
c ro s s -s e c tio n a l a rea and deform ation  m odulus. In  the case of a mesh the " in  
is o la t io n "  s tiffne ss  cannot be so re a d ily  defined since th is  w i l l  be a fun c tio n  o f the 
mesh geom etry and the size  of the lo n g itu d in a l and tra n s v e rs e  members as weLl as 
the m a te ria l fo rm ing  the members . R eference to  F ig u re  120a shows a much 
s im p lifie d  model of an o rthogona l mesh of re c ta n g u la r holes punched out o f a 
m a te ria l o f th ickness t having a Youngs modulus E.. C ons ide r one e lem ent, E , of 
th is  mesh in  is o la t io n . T h is  element has o v e ra ll dim ensions X and Y w ith a .h o le
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size  a X by bY, F ig u re  120b. The m a te ria l of th is  element may be re a rra n g e d  as shown 
in  F ig u re  120C. As can be seen the w id th  of the m a te ria l in  the two members is  
( l-a )X a n d  ( l-b )Y . I f  a fo rce  Fx is  app lied , F ig u re  120c then assuming the mesh to  be 
in f in ite ly  r ig id  in  bending, the re  w i l l  be a defo rm ations x , in  the d ire c t io n  of F x . T h is  
de fo rm ation  may be assumed to  be made up of tw o com ponents, i  .e . tha t in  member N o .l 
and that in .m em ber N o .2 , F ig u re  120c. C ons ide r f i r s t  the a x ia l s tresses  in  these two 
members:
f  -  Fx _ Fx
X l ( l-b )Y t x2 Y t
I f  thenodu lus of the m a te ria l is  E then the defo rm ations co rrespond ing  to  these 
s tre sses  w i l l  be:
F x .a X  F x ( l-a )X
o   o = --------------- -
( l-b )Y tE  X2 Y tE
The to ta l deform ation  is  the sum of these two components.:
Fx X6
X Et Y
. ab 1 + -----
(1—b)
B e fo re  p ro g re ss in g  fu r th e r  i t  is  convenient to  in tro du ce  th re e  ra t io s  tha t define the 
geom etry of the mesh. The f i r s t  is  th&member s ize  ra t io ,  n . T h is  defines the ra t io  
of the member w id th s , i t  fo llo w s  from  F ig u re  120c tha t:
Y ( l- b ) /X ( l- i t )  = n . . .  . ( i i )
The size of the hde re la t iv e  to the plan area of an element may be defined by the open 
area ra t io ,  r :
aX bY ur  = -----:-------- = ab . . . . ( m ;
XY
F in a lly  the re la t iv e  dim ensions of the hole may be used to  define the mesh aspect r a t io ,  
m:
m = —  . . . . ( i v )
bY
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The express ion  fo r  X /Y  from  Equation ( i i )  may be substitu ted  in to  Equation ( iv )  to 
g ive Equation (v):
a ( l-b )m = -----------  . . .  . tv ;
n ( l-a )
A subs titu tion  may be made fo r  "a ”  from  Equation ( i i i )  in to  Equation (v) to  g ive 
Equation (v i) :
b _ r (m n - l)  + r - r m n ) 2 + 4mnr 
2mn
R eturn ing  to Equation ( i)  and su bs titu ting  fo r  "a "  from  Equation ( i i i ) :
 ( v i i )6 =
X Et Y
1 + r i  
(1—b)
Now the equ iva lent de fo rm ation  modulus fo r  the mesh in  the lo n g itu d in a l d ire c t io n  may 
be defined by Equation ( v i i i ) :
Fx X f . . . .
Ex = —  1— ---------------------------------------------------------------------------- ----- (v m )
Yt 6x
S ub s titu tion  of Equation ( v i i  ) in to  Equation ( v i i i )  leads to  the lo n g itu d in a l modulus ra t io  
g iven in  Equation ( ix ) :
S i  = -------1--------  . . . . ( i x )
E l+ r / ( l - b )
A s im ila r  ra t io  may be de rived  fo r  the tra n s v e rs e  mesh-.modulus Ey:
—  - ------------ ’•--------- . . . . ( x )
E l+ r / ( l - r / b )
I f  su bs titu tion  is  made fo r  "b "  from  Equation (v i)  i t  can be seen that the modulus ra t io  
is  e xp resse d no n -d im e ns ion ly . The v a r ia t io n  of the lo n g itu d in a l modulus ra t io  E x /E ,  
w ith  the th ree  p re v io u s ly  defined ra tio s  m ,n and r  is  shown in  F ig u re  121 to  123* 
Inspec tion  of F ig u re  121 ind ica tes  tha t the re  is  advantage in  having high mesh aspect
ra tio s ,th a t is ,th e  hole o r s lo t is  elongate in  the d ire c t io n  o f p u l l.  I t  appears from
F ig u re  122 that g re a te r s tiffne ss  is  obtained i f  the lo n g it ud ina l member has a la rg e r  
c ro s s -s e c tio n a l area than the tra n sve rse  member. I f  how ever a high mesh aspect ra t io
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is  used the re  is  no apparent advantage in  th isp ro v id e d  that the c ro s s -s e c tio n a l 
areas of the two members a re  at leas t equa l. F ig u re  123 shows v e ry  p re d ic ta b le  
re s u lts  w ith  the lo n g itu d in a l modulus ra t io  decreas ing  w ith  in c re a s in g  area ra t io ,  
however th is  decrease is  m in im ised i f  a high mesh aspect ra t io  is  adopted.
Of less im portance is  the ra t io  of thaTongitudinal and tra n s v e rs e  mesh m oduli Ex 
and E y . The v a r ia t io n  of the ra t io  of these m oduli E x /E y , w ith  the ra t io s  m ?n and r  
is  g iven in  F ig u re s  12L, to  126. Again these re s u lts  in d ica te  the in c re ase d  s tiffn e ss  
achieved when using high mesh aspect ra t io s  and mesh member s ize ra t io s  g re a te r than 
u n ity . I t  must not be fo rg o tte n , how eve r, that the absolute s ize  of the two tra n s v e rs e  
members must be cons is ten t w ith  both genera ting  and re s is t in g  high s o il pu ll-o u t 
fo rc e s .
9 .0  CONCLUSIONS
One of the most obvious conclusions that can be draw n from  the re p o rte d  s e rie s  of 
tes ts  in  sand is  that the observed f r ic t io n a l perfo rm ance of a re in fo rcem en t is  v e ry  
dependent on the type of te s tin g . I t  is  found tha t fo r  the s t i f fe r  re in fo rcem e n ts  i . e . 
s tee l and FBM5 the shear box tes t tends to  in d ica te  a lo w e r f r ic t io n a l re s is ta n ce  than 
that observed in  the p u ll-ou t te s ts . The re v e rse  is  the case fo r  the nuore ex tens ib le  
fa b ric s  which show a pronounced le v e llin g  o ff of pu ll-ou t re s is ta nce  w ith  in c re a s in g  
norm al s tre ss  le v e ls . T h is  re s u lt  is  qu ite  c o n tra ry  to  that from  the shear box 
test which ind ica tes  a constant angle of bond s tre ss  which is  independent o f norm al 
s tre ss  le v e l.  Of the syn the tic  re in fo rcem en ts  tested  in  sand N etlon FBM5 gave the 
best perfo rm ance w ith  respect to  pu ll-ou t re s is ta n c e , how eve r, th is  re in fo rcem e n t 
exh ib ited  ra th e r  d isappo in ting  te n s ile  s tre n g th s , the mean being 60kN /m . The best 
o v e ra ll perfo rm ance came from  the B R C -B 503 , which although e xh ib it in g  on ly  s lig h t ly  
h ighe r pu ll-ou t re s is ta nce  than the FBM 5, is  a ttr ib u te d  w ith  a much h ig he r u ltim a te  
te n s ile  s treng th  of 287 kN /m . The exce llen t bond s tre ss  c h a ra c te r is t ic s  o f both these 
mesh re in fo rcem en ts  is  associa ted  w ith  the development of a 'com plex shear zone in  the 
v ic in ity  of each tra n sve rse  member ra th e r than w ith  the development of some s ing le  
p lana r shear su rfa ce . There  is  obv ious ly  a need fo r  a more thorough in v e s tig a tio n  of 
the perfo rm ance of mesh s tru c tu re s  to  determ ine the e ffec ts  of mesh s ize  and s o il 
p a r tic le  size on pu ll out re s is ta n c e .
A ve ry  lim ite d  study of undra ined pu ll-ou t re s is ta n ce  in  c la y  gave v e ry  d isapp o in tin g  
re s u lts  w ith  T e rra m  RF/12 and N etlon 1168 on ly  ach iev ing  average adhesion fa c to rs  
of approx im ate ly  0 .17 . A fu r th e r  se rie s  of undra ined tes ts  showed tha t the adhesion 
fa c to r could  be ca lcu la ted  from  knowledge of the undra ined  shear s treng th  o f the c la y
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and geom etry of the mesh. The p a r t ic u la r  tes ts  on Weldmesh 5119 gave ca lcu la ted  
and measured adhesion fa c to rs  o f 0 .3 8  and 0 .39  re s p e c tiv e ly . A s ing le  tes t on 
a s p e c ia lly  p repa red  tes t p iece w ith  a th e o re tic a l adhesion fa c to r o f 2 .3  
con firm ed  tha t the adhesion fa c to r cannot be g re a te r than un ity  in  a sa tu ra ted  
c la y . A se rie s  of qu ick  undra ined shear box tes ts  on R F/12 , 1168 and 5119 gave 
much h ig h e r adhesion fa c to rs  than those measured in  the pu ll-ou t te s t.  I t  is  
concluded tha t a b a s ic a lly  d iffe re n t fa i lu re  mechanism is  invo lved  in  the tw o types 
of te s t.
F in a lly  b r ie f  co ns ide ra tion  was g iven to the Min  s o il”  and " in  is o la t io n "  s tiffne sse s  
o f re in fo rce m e n t. I t  was found tha t the presence of s o il in c re ase d  the apparent 
s tiffn e ss  of. T e rra m  2000 w h ils t decreas ing  that o f BR C -B 503 and p la in  sheet 
s tee l. T he re  was a lso  a decrease in  the apparent s tiffn e ss  of T e rra m  RF/12 
tested in  s o il,  how ever, th is  is  associa ted w ith  s lip p in g  of the lo n g itu d in a l f ib re s  
of the re in fo rcem en t th rough the kn itte d  base m a te r ia l. A th e o re tic a l assessm ent 
was made of the in  is o la tio n  s tiffn e ss  of o rthogona l mesh s tru c tu re s . I t  is  
concluded that s lo t l ik e  holes w ith  th e ir  long ax is  in  the d ire c t io n  of p u ll out a re  
conducive to  high s tif fn e s s .
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FIGURE 3.1 DETAIL OF MK.I NORMAL LOADING SYSTEM
FIGURE 3.2 GENERAL VIEW OF MK.I NORMAL LOADING 
SYSTEM
FIGURE 3.3 DETAIL OF MK.JT NORMAL LOADING SYSTEM
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FIGURE 3 .4 PULL-OUT TEST RIG
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FIGURE 3.6 CROSS SECTION OF GUIDE RAIL
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FIGURE 3.10 TENSION PROVING RING ASSEMBLY
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FIGURE 3.11 CALIBRATION OF LOAD CELL BY TENSION 
PROVING RING
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FIGURE 3.16 DETAIL OF LOAD CELL FIXING
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FIGURE 3 .2 0  DISPLACEMENT TRANSMISSION 
CHARACTERISTICS
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FIGURE 3.21 SCHEMATIC OF BAG FILLING APPARATUS
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FIGURE 3 .22  SCHEMATIC OF MK3T NORMAL LOADING 
SYSTEM
FIGURE 3.23 GENERAL VIEW OF MK3E PULL-OUT RIG
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FIGURE 3.41 PLANE STRAIN TENSILE TESTS-NETLON 1168
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CHAPTER- Lr
TH E B E H A V IO U R  OF R E IN FO R C E D  CLAY UNDER 
A X IS Y M M E T R IC  STR ESS C O N D IT IO N S .
1 .0 IN T R O D U C T IO N
R e in fo rced  e a rth  may be cons ide red  to  be com prised  o f two main com ponents, the 
re in fo rce m e n t and the s o il b a c k f i l l .  S im ple c r i t e r ia  issued  by the S ocie te  La T e r re  
A rm ee re q u ire  tha t the b a c k f i l l  should con ta in  not m ore than 15% by w e ig h t, o f 
m a te r ia l f in e r  than 80pm, S ch lo sse r (1976). T h is  s p e c ific a tio n  th e re fo re  p rec ludes  
the use o f c la y .  The use of cohesive  s o il in  re in fo rc e d  ea rth  poses co n s id e ra b le  
p ro b le m s. I t  has been po in ted out tha t even i f  the shea r s tre ng th  o f a cohesive  s o il 
is  fu l ly  m o b ilise d  the maximum poss ib le  bond s tre s s  tha t cou ld  deve lop w ou ld  be equal 
to  the und ra ined  shear s tre ng th  o f the s o i l .  T h is  would be lo w  com pared to  the bond 
s tre ss  developed by the g ra n u la r  b a c k f il l n o rm a lly  used and m ight even in v o lv e  a 
change in  the re in fo rc e d  e a rth  techn ique , S ch lo sse r and V id a l (1969).
The sm all amount o f te s t data ava ilab le  fo r  re in fo rc e d  c la y  g ives  p e s s im is tic  re s u lts .
An in v e s tig a tio n  in to  the re in fo rc in g  e ffec t o f s tra w  on u n fire d  c la y  b r ic k s  by 
Razani and B ehpour (1970) concluded tha t the re in fo rce m e n t in c re a s e d  d u c t i l i ty  but 
a c tu a lly  decreased  com press ive  s tre n g th . The decrease  in  s tre n g th  was qu ite  
d ram a tic  w ith  the add itio n  o f 2.5%  by w e ig h t, o f s tra w  h a lv ing  the com p re ss ive  s tre n g th . 
A lim ite d  s tudy has been re p o rte d  by Lee (1976) who c a r r ie d  out con fined  com press ion  
tes ts  on the samples of compacted c la y  re in fo rc e d  w ith  th in  n a rro w  s tr ip s  o f m y la r 
tape . The re s u lts  showed an in c re a se  in  the d u c t i l i ty  o f the sample but no in c re a s e  
in  co m press ive  s tre n g th . D esp ite  these somewhat d isco u ra g in g  potents i t  was 
decided to  c a r r y  out a p ilo t study of bond fa i lu re  o f re in fo rc e d  c la y  us ing  the  
t r ia x ia l  a pp a ra tu s .
B e fo re  te s tin g  re in fo rc e d  samples an a n a ly t ic a l study was e ffec ted  to  a id  the 
fo rm u la tio n  of a te s tin g  p rogram m e. T h is  re s u lte d  in  th re e  p lanned phases of 
in v e s tig a tio n  w ith  each phase in v o lv in g  se ve ra l s e r ie s  o f te s ts .  The f i r s t  phase w as, 
by d e f in it io n , e x p lo ra to ry  and indeed th is  induced the in c lu s io n  of a fo u rth  phase .
To m in im ise  e xpe rim en ta l v a r ia b le s  w ide use was made o f com m erc ia l g rade  K a o lin  
c la y . T h is  was e x te n s iv e ly  tes ted  p r io r  to  the main in v e s tig a tio n  to  de fine  both 
d ra ined  and und ra ined  s tre n g th  and de fo rm ation  c h a ra c te r is t ic s .  A n c i l la r y  te s ts
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w ere  c a r r ie d  out to  eva luate  and com pare the bond s tre ss  p ro p e rt ie s  o f se ve ra l 
poss ib le  re in fo rc e m e n ts .
2 .0  THE STR E N G TH  AND D E FO R M A TIO N  P R O P E R T IE S  OF K A O LIN  C LA Y .
In  assess ing  the apparent changes in  s o il p ro p e rtie s  induced by the add ition  of 
re in fo rcem e n t i t  is  f i r s t  necessa ry  to  define the p ro p e rtie s  o f the u n re in fo rc e d  s o il.
I f  the s o il chosen can be shown to  be cons is te n t then i t  is  reasonab le  to  assume tha t 
the p ro p e rt ie s  o f the s o il a re  a lso  c o n s is te n t. On th is  p rem ise  the m a jo r ity  o f the 
te s tin g  program m e was conducted using  com m e ric ia l K ao lin  c la y  in  the  fo rm  of 
E ng lish  C h in a ‘C lay  G rade D pow de r. To check the v a r ia b i l i t y  o f th is  p ro du c t 
samples fro m  each 50kg batch w ere  tes ted  to  determ ine g rad ing  and p la s t ic ity  in d ic e s . 
O ver the to ta l o f tw o  tonnes of c la y  used the mean liq u id  and p la s tic  l im its  w e re  
found to  be 57% and 33% re s p e c tiv e ly  w ith  the c la y  w h o lly  pass ing  the  631^1 B .S .  
s ie ve . The average  c la y  fa c tio n  was 48% g iv in g  a mean a c t iv ity  o f 0*506 .w ith a 
standard  d e v ia tio n  of 0 .0 4 8  o ve r fo r ty  sam ples.
■ v i .
2.1 U N D R A IN E D  SHEAR STR E N G TH  C H A R A C T E R IS T IC S . " I  
In  the f i r s t  phase of the te s tin g  program m e one se rie s  o f te s ts  w as c a r r ie d  out to  
dete rm ine  the  e ffe c ts  o f re in fo rce m e n t on apparent undra ined  sh ea r s tre n g th . S ince 
th is  f i r s t  phase was e n t ire ly  e x p lo ra to ry  i t  was deemed n e ce ssa ry  to  be able to  
determ ine the und ra ined  shea r s tre n g th  o f the c la y  alone from  a s in g le  re a d ily  • 
measured p a ra m e te r. The chosen pa ram ete r was m o is tu re  co n te n t. T o  eva lua te  
the re la t io n s h ip  between m o is tu re  content and undra ined  s tre n g th  t h i r t y - s ix  76mm x 
38mm d iam ete r samples w e re  p re p a re d  at v a rio u s  m o is tu re  contents  in  the range  15% 
to  36%. The samples w e re  form ed in  a s p lit  mould us ing  a h y d ra u lic  p re s s  to  . 
p roduce a b u lk  d en s ity  g iv in g , a fu l ly  sa tu ra ted  sam ple. T h is  p roved  d if f ic u l t  fo r  
samples w ith  m o is tu re  contents le ss  than 25%. The re s u lt in g  sam ples w e re  w rapped 
in  a lum inium  f o i l ,  sealed w ith  wax and s to red  fo r  a p e r io d  o f ten  days to  a llo w  
m o is tu re  content e q u a lis a tio n . A t the end o f th is  p e r io d  the sam ples w e re  tes te d  
unconfined . I t  was found tha t a v e ry  n e a rly  l in e a r  re la t io n s h ip  e x is te d  between lo g  
m o is tu re  content and lo g  und ra ined  shea r s tre n g th . The re s u lts ,  w h ich  a re  shown 
in  F ig u re  1, w e re  ana lysed us ing  a f i r s t  o rd e r  po lynom ia l re g re s s io n  a n a ly s is  w h ich  
rende red  a c o e ff ic ie n t o f c o r re la t io n  o f 0 .9 6 8 . The re s u lt in g  l in e a r  lo g - lo g  
re la tio n s h ip  is  expressed  by the e m p iric ism  given in  equation (1)
lo g 10Cu = 10 *608 "  5 • 8771og10(m /c)% (1)
I t  was app rec ia ted  that the fo reg o in g  method of sample p re p a ra tio n  and s treng th
de te rm ina tio n  would not be acceptab le  fo r  the la te r  and m ore so ph is tica ted  tes tin g
phase. C onsequently i t  was decided to  in ve s tig a te  the degree o f u n ifo rm ity  that
cou ld  be achieved using samples conso lida ted  from  a s lu r r y .  To th is  end a s lu r r y
was p repa red  at a m o is tu re  content o f app rox im a te ly  65%- C onso lida tio n  was
2
achieved in  tw o  stages, a Ko stage under a v e r t ic a l s tre ss  o f 30 kN /m  fo llow ed
2by is o tro p ic  consolidation at a c e ll p re s s u re  of 100 kN /m  . The f i r s t  stage was
achieved using a spec ia l th re e  p a rt s p lit  mould w hich had been machined to  f i t  o v e r
the pedesta l of a standard 102mm d iam e te r t r ia x ia l  c e l l .  The pedesta l was fu rn ish e d
w ith  a n o rm a l.po rous  d ra inage  d isc  vented to  a tm osphere ’and a membrane held  in
p o s itio n  by 0 r in g s .  Tb'e membrane w h ich  form ed a lin in g  to  the s p lit  mould was
fo lded  down o v e r the top o f the m ould. R ad ia l r ig id i t y  was m ain ta ined by se ve ra l
equ i-spaced  ju b ile e  c lip s  w h ich  f irm ly  clamped the m ould. The s lu r r y  was poured
and gen tly  rodded in to  the mould f i l l in g  i t  to  w ith in  6mm of the to p . A t th is , stage
the sample was capped w ith  an u nd e rs ize  porous d isc and top cap vented to
a tm osphere . The perspex c e ll c y lin d e r  was then lo w e red  onto the base and bo lted
dow n. The loa d in g  ram was gen tly  lo w e re d  to  touch the top ca p . P r io r  to  fo rm in g
the s lu r r y  sample the base o f the t r ia x ia l  c e ll had been pos itioned  on a sp ec ia l 300mm
square s tee l tab le  mounted on fo u r  s tee l legs app rox iam te ly  one m etre  h ig h . Beneath
the tab le  was a s p e c ia lly  co ns tru c te d  dead w eight hanger s im ila r  to  tha t employed
to  app ly the norm a l load  to  a d ire c t shea r box. The hanger was l i f te d  and g en tly
postioned on the  load ing  ra m , the v e r t ic a l movement of w h ich  was m on ito red  by a
d ia l gauge. Weights w e re  added to  the hanger in c re m e n ta lly  u n t il the des ignated
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v e r t ic a l s tre s s  o f 30 kN /m  was a tta in e d . The v e r t ic a l com press ion  o f the  sample 
was p lo tte d  aga inst ro o t tim e u n t il fu l l  co n so lid a tio n  was ach ieved .
To e ffec t the is o tro p ic  co n so lid a tio n  stage the  s p lit  mould was v e ry  c a re fu lly  s lid
away from  the sample and the membrane sealed around the top ca p . The d ra in s  fro m
the top cap and pedesta l w e re  then connected to  a p a ra ff in  volume gauge. The c e l l
was then f i l le d  w ith  w a te r and the sample conso lida ted  in  the no rm a l m anner unde r a
2c e ll p re s s u re  of 100 kN /m  . Once conso lida ted :the sample was cu t in .h a lf to  fo rm  tw o 
c y lin d e rs .  To  in ve s tig a te  any undra ined  shear s tre ng th  a n iso tro p y  the  la b o ra to ry  
shear vane was in tro d u ce d  in to  the sample w ith  the v e r t ic a l ax is  o f the  vane 
m aintained in  a d ia m e tra l p la ne . A fte r  each de te rm ina tion  the  sample was ro ta te d  
th rough  45° in  the same d ia m e tra l p lane to  g ive  e igh t shear s tre n g th  d e te rm in a tio n s . 
T h is  p rocess was repeated  in tro d u c in g  the la b o ra to ry  shear vane in  a d ia m e tra l p lane 
p e rp e n d icu la r to  tha t f i r s t  te s te d . Id e n t ic a l te s ts  w ere  pe rfo rm ed  on the  rem a in in g
1^3
h a lf of the sample to  g ive  a to ta l o f*32 re s u lts .  These are  shown in  F ig u re  2 in  
the form  of p o la r  d ia g ra m s. As can be seen the re  is  s ig n ific a n t undra ined  s treng th  
a n iso tro p y  w ith  C ^ /C  = 0 .8 2 . To check th is  a second sample was conso lida ted
in  the same m anner. T h is  rende red  a v e ry  s im ila r  a n iso tro p y  ra t io  o f 0.7-8 
w ith  C / p '  = 0 .328  com pared to  0 .327  fo r  the f i r s t  sam ple. These fin d in g s  a re  
c o n tra ry  to  those o f Am erasinghe and P a r ry  (1975,1977) who m a in ta in  that specimens 
is o t ro p ic a lly  conso lida ted  to  th re e  tim es the s tre ss  in i t ia l ly  used to  conso lida te  
the  sample behave is o tro p ic a lly  under the h ig h e r s tre s s .
To in ve s tig a te  th is  s lig h t anom aly tw o fu r th e r  102mm samples w ere  co nso lid a ted ,
2how eve r, these samples w ere  Ko conso lida ted  under a v e r t ic a l s tre s s  of 60 kN /m
. .  2p r io r  to  is o t ro p ic  c o n so lid a tio n  under a p re ssu re  o f 270 kN /m  , T h is  lead  to  m ore
acceptab le  a n iso tro p y  ra t io s  o f 0 .9 7  and 0 .9 5  w ith  id e n tic a l Cu/p * ra t io s  o f 0 .353*
The lo w e r h a lf o f one o f the 102mm samjies was used to  form  th re e  76mm x 38mm
d iam ete r samples fo r  t r ia x ia l  te s t in g . These samples w ere  te s te d ,c o n s o lid a te d -
2undra ined  w ith  p o re w a te r p re s s u re  m easurem ent, at c e ll p re s s u re s  o f 250 kN /m  ,
2 2700 kN /m  and 800 kN /m  . The re s u lt in g  m easured C /p ' va lues a re  shown in  
Tab le  1 to g e th e r w ith  ca lcu la te d  va lues fo r  is o tro p ic  and.Ko co n so lid a tio n  based on 
m easured va lues fo r  0 ' and in d iv id u a l m easured va lues o f the  po re  p re s s u re  
pa ram ete r A . As can be seen the m easured va lues v a rie d  s lig h t ly  w ith  co n so lid a tio n  
p re s s u re , h o w e ve r, the mean va lue  agreed to  w ith in  7% w ith  tha t ob ta ined  us ing  the  
la b o ra to ry  shea r vane . I t  is  in te re s t in g  to  note tha t the th e o re tic a l Ko va lue  of 
C /p * is  lo w e r than the va lue  fo r  is o tro p ic  co n so lid a tio n . S ince the va lue  m easured 
using the sh ea r vane fa l ls  between these tw o  va lues i t  appears tha t even a ra t io  o f 
7:1 fo r  is o tro p ic  to  Ko co n so lid a tio n  does not com p le te ly  n u l l i fy  the  Ko induced 
s tre ng th  a n is o tro p y .
TA B LE  1 S TR EN G TH  -  C O N S O LID A T IO N  D A TA
CON SOLIDATION 2 
PRESSURE. kN/m
MEASURED
UNDRAINED STRENGTH /  CONSOLIDATION PRESSURE 
..... • ISO.THEORETICAL ’ Ko THEORETICAL
250 0.385 0.389 0.320
400 0.400 0.380 0.318
800 0.342 0.344 0.304
AVERAGE 0.376 0.371 0.314
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2 .2  D R A IN E D  SHEAR STR EN G TH  .CHARACTER1 S T IC S .
To check the e ffe c ts  o f sample p re p a ra tio n  on d ra ined  s treng th  c h a ra c te r is t ic s
t r ia x ia l  te s ts  w e re  c a r r ie d  out on samples form ed by e ith e r h y d ra u lic  m oulding o r
co n so lid a tio n  from  a s lu r r y  us ing  the methods p re v io u s ly  d e s c r ib e d . A to ta l of
tw enty  76mm x 38mm d iam e te r samples w ere  p re p a re d . S ix  w ere  tes ted
c o n so lid a te d -d ra in e d  w ith  volum e change measurement and fou rteen  w ere  tested
co nso lid a ted -u n d ra in e d  w ith  p o re w a te r p re s s u re  m easurem ent. In s p e c tio n  of both
sets o f re s u lts  in d ica te d  tha t the K ao lin  fa ile d  at constant vo lum e. The s tre ng th
param ete rs  w ere  obta ined us ing  the p '- q 1 p lo t g iven  in  F ig u re  3 w h ich  was analysed
2using a f i r s t  o rd e r  po lynom ia l re g re s s io n  a n a ly s is . T h is  in d ica te d  c ' =3kN /m  ,
0 ' = 2 4 .3 °  w ith  a c o e ff ic ie n t o f c o r re la t io n  of 0 .9 9 5 . Data fo r  the samples 
c onso lida ted  fro m  a s lu r r y  w e re  la te r  supplemented to  g ive  in fo rm a tio n  on the 
d ra ined  and und ra ined  de fo rm a tion  p ro p e rtie s  o f the K ao lin  c la y .
2 .3  D E FO R M A TIO N  C H A R A C T E R IS T IC S
Both the d ra ine d  and undra ined  s tre s s -s t ra in  c h a ra c te r is t ic s  w e re  in v e s tig a te d  using
76mm x 38mm d iam ete r samples hand trim m ed from  102mm d iam ete r samples
2conso lida ted  fro m  a s lu r r y  unde r a Ko v e r t ic a l s tre s s  o f 60 kN /m  and f in a l ly  an
2is o tro p ic  p re s s u re  o f 2 /0  kN /m  . To re n d e r the s t re s s -s t ra in  cu rve s  
d im ension less the p lo ts  w e re  n o rm a lise d .
R esu lts  from  the co n so lid a ted -d ra in ed  te s ts  a re  g iven in  F ig u re  A w here  the  c u rre n t 
d e v ia to r s tre s s  has been n o rm a lised  by d iv id in g  by the co rre sp o n d in g  c u r re n t  va lue  
of m ino r p r in c ip a l e ffe c tiv e  s tre s s . A no rm a lised  s tre s s -s t ra in  c u rv e  was defined 
by c a r ry in g  out a po lynom ia l re g re s s io n  a na lys is  w h ich  f it te d  a c u rve  to  the  te s t 
data; w ith  a c o e ff ic ie n t o f c o r re la t io n  o f 0 .9 8 2 . The same te s t data w e re  used to  
evaluate  e ffe c tiv e  P o is s o n 's  ra t io .  The re s u lts ,  w h ich  w as again p ro cesse d  us ing  
po lynom ia l re g re s s io n  a n a ly s is , a re  g iven in  F ig u re  5 . As can be seen negative  
va lues w ere  eva lua ted  at lo w  a x ia l s t ra in ,  th is  o f cou rse  im p lie s  tha t the  samples w ere  
b o lla rd in g  under com press ive  a x ia l lo a d . T h is  anomaly is  thought to  have been induced 
by p re v iou s  s tre s s  h is to ry  nam ely the b o lla rd in g  caused by top cap /  pedes ta l f r ic t io n  
d u ring  the  p re ce d in g  is o tro p ic  co nso lid a tion  from  a s lu r r y .  As a c o ro l la r y  the 
Poissorfs ra t io s  a lso  show negative  va lues at low  p r in c ip a l s tre s s  ra t io s ,  F ig u re  6 .
A d im ensionless s tre s s -s tra in  cu rve  was a lso  defined fo r  undra ined  lo a d in g .
N o rm a lisa tion  of the  re s u lts  from  co n so lid a ted -u n d ra in e d  t r ia x ia l  te s ts  was 
achieved by . d iv id in g  the  c u r re n t d e v ia to r stres.s ' fo r  each sample by the  maximum 
e ffe c tive  p re s s u re  at w h ich  the samples had been p re v io u s ly  co n so lid a te d . T est
re s u lts  a re  shown in  F ig u re  7 toge the r w ith  the re s u lts  o f a po lynom ia l re g re s s io n  
ana lys is  w h ich  defined an undra ined  s t re s s -s t ra in  cu rve  w ith  a c o e ff ic ie n t o f 
c o r re la t io n  o f 0.971*
3 .0  R E IN F O R C E M E N T  BOND S TR E SS  C H A R A C T E R IS T IC S
On a p u re ly  specu la tive  bas is  a s e rie s  o f shear box tes ts  was c a r r ie d  out to  
dete rm ine  the d ra ine d  and undra ined  bond s tre s s  c h a ra c te r is t ic s  o f s e v e ra l porous 
re in fo rc in g  m a te r ia ls . As a c o n tro l seven conven tiona l co n so lid a te d -d ra in e d  shear 
box tes ts  w e re  c a r r ie d  out on the K ao lin  c la y  alone using a s tandard  60mm square  
box. R esu lts  fro m  these te s ts  in d ica te d  c 1 = 2 .2 k N /m ^ , '0 ' = 21.1°.
To eva luate  re in fo rce m e n t bond s tre s s  samples o f the re in fo rc in g  m a te r ia l w e re  cu t 
to  the  exact in te rn a l p lan d im ensions of the shear box. Each sample was mounted 
in  the lo w e r h a lf o f the  shea r box to  re n d e r the  upper su rface  o f the re in fo rc e m e n t 
flu sh  with the upper su rface  of theJower h a lf of the  box. In  the  und ra ined  te s ts  
th is  was ach ieved by p o s itio n in g  the re in fo rcem e n t on top of a s o lid  a lum in ium  b lo ck  
and a d jus ting  shims d im ensioned to  be an exact f i t  in  the  lo w e r h a lf  o f the  b o x . F o r  
the d ra ine d  te s ts  the alum inium  b lo ck  was rep laced  by a porous b lo ck  w h ich  was 
shimmed to  the re q u ire d  height us ing  f i l t e r  p ap e r.
F o r  b re v ity  re s u lts  a re  on ly  p resen ted  fo r  the re in fo rce m e n t f in a l ly  s e le c te d . T h is  
was in  the fo rm  of a h igh p e rm e a b ility  s in te re d  p la s tic  sheet hav ing  a maximum po re  
s ize  of 90'p.m. The p a r tic u la r  sheet th ickness  used th roughout the  in v e s tig a tio n  
was 4 .75m m . R esu lts  fo r  the co nso lid a te d -d ra in e d  tes ts  showed tha t the  porous 
p la s tic  fu l ly  m ob ilise d  the shear s treng th  o f the  K ao lin  g iv in g  an angle o f bond s tre s s  
o f 21°, F ig u re  9- To  model undra ined  beh a v io u r te s ts  w ere  ru n  at a ra te  o f s tra in  
o f 2% /m inu te . These so c a lle d  ra p id  shear tes ts  w ere  deemed to  be co n s is te n t 
w ith  no d ra inage  o c c u rr in g  in  the K a o lin . R esu lts  fo r  these te s ts  a re  p resen ted  in  
F ig u re  10 .. As can be seen the "u n d ra in e d " angle o f bond s tre s s  is  a lm ost id e n tic a l 
to  tha t obta ined from  the d ra ine d  te s ts . T h is  most welcome re s u lt  is ,o f  cou rse ,due  
to  the porous p la s tic  re in fo rce m e n t ac ting  as a d ra in  a llo w i ng the d is s ip a tio n  o f 
excess p o re w a te r p re s s u re  at the c la y -re in fo rc e m e n t in te rface ,, even at h igh  ra te s  
o f sh e a r.
4 .0  THEO RY
To a id in te rp re ta t io n  o f la b o ra to ry  tes t re s u lts - it  was decided to  c a r r y  out an 
a n a ly tic a l study o f re in fo rc e d  c la y  under both d ra ine d  and und ra ined  a x isym m e tric
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lo a d in g . The e a r l ie r  ra p id  shear tes ts  w ith  c la y  aga inst porous re in fo rcem e n t 
suggested tha t at le a s t one o th e r d ra inage co nd itio n  be cons ide red  namely tha t 
o f co m p le te d ra in a g e  at the  s o il- re in fo rc e m e n t in te r fa c e  w ith  no. d ra inage in  the 
main body of the c la y .
I t  was deemed tha t c la s s ic a l fo rg in g  th e o ry  m ight have some a p p lica tio n  to 
re in fo rc e d  e a r th . T h is  th e o ry  co ns ide rs  the load ing  of a th ic k  d isc  o f m a te r ia l 
undergo ing  com press ion  between r ig id  f r ic t io n a l p la tte n s . S ince the  in v e s tig a tio n  
was to  be lim ite d  to  bond fa i lu re  i t  was co ns ide re d  prudent to  f i r s t  b r ie f ly  re v ie w  
e x is tin g  th e o rie s  o f te n s ile  fa i lu re  so that th is  m ight be designed a g a in s t.
4.1 E X IS T IN G  T H E O R IE S .
S e ve ra l s tud ies  o f the  b ehav iou r o f re in fo rc e d  sand loaded unde r d ra ined  
co nd itio n s  have dem onstra ted tha t the add ition  of h o r iz o n ta l re in fo rc e m e n t enhances 
the pe rfo rm ance  of the  sand a lone , Long et a l (1972), Yang (1972), McGown et a l 
(1978). The in te rp re ta t io n  o f the  mechansim of th is  re in fo rc in g  e ffe c t fa l ls  in to  .6ne 
o f tw o  sch o o ls . F i r s t ly  th e re  is  tha t due to  S ch lo sse r and Long (1973) who 
in tro d u ce d  the  concept o f an induced cohesion w h ich  is  app lied  to  the com posite  
m a te r ia ls . F o r  t r ia x ia l  te s ts  w ith  co n fin in g  p re s s u re s  above 50 kN /m  the  induced 
cohes ion , C , was observed  to  be a func tion  o f the u ltim a te  te n s ile  s tre n g th  o f 
the re in fo rc e m e n t, T ,  and the v e r t ic a l re in fo rce m e n t spacing , h:
C = T J k p /2 h .......................................................................................................................(2 )
The second schoo l o f thought o rig ina ted  .contem poraneously fro m  Yang ( lo c .c i t )  and
Chapuis (1972) who reasoned tha t the in c re a se  in  measured co m press ive  s tre ng th
was due to  an in c re a s e  in  e ffe c tive  co n fin in g  p re s s u re , A a , induced  by the
re in fo rce m e n t:
0 ^ ' =  K p  ( c r y  +  A c ^ 1 ) ........................( 3 )
Chapuis (1977) re v e rte d  to  theuseo f a pseudo cohesion and dem onstra ted  fo r  a 
re in fo rc e d  e a rth  w a ll,  that the "co h es ion ”  would  v a ry  a cco rd in g  to  the d is tr ib u t io n  o f 
shear s tre s s  a long the re in fo rc e m e n t. An in fo rm a tiv e  in te rp re ta t io n  o f the A 
concept was g iven  by Hausmann (1976) who showed c o n c u rre n tly  w ith  Lee (1976) 
tha t th e re  is  a co rrespondence  between equation-(2) and equation  (3) g iven  by the 
e xp ress ion :
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S u b s titu tio n  fo r  the pseudo cohesion from  equation (2) in to  equation  (4) then g ives 
an e xp ress io n  fo r  the lim it in g  va lue  of w here  fa i lu re  is  c o n tro lle d  by te n s ile
fra c tu re  of the re in fo rce m e n t:
Acj^  1 = T /h   (5)
4 .2  D R A IN E D  A N A L Y S IS .
C o n s id e r the ra d ia l e q u ilib r iu m  of a d isc  o f m a te r ia l o f ra d iu s  R and sm all th ickness  
h being com pressed between r ig id  p la tte n s . I t  fo llo w s  from  F i gure  11 tha t:
a r h &0 + 2cr h 6r  —  = 2 xr6 r60  + h (a  + 6a ) ( r + 6r ) 6er  2 r  r
Ig n o r in g  second o rd e r  and h ig h e r te rm s th is  e xp ress io n  s im p lif ie s  to
dtf a -  a . 2% ,rs
 r  +  £_______® +   = 0   (6)
d r  r  h
I t  may be assum ed, fo r  sm a ll values o f t , tha t the ra d ia l and c irc u m fe re n t ia l 
s tre s s  components a and oe a re  equal and tha t both a re  p r in c ip a l s tre s s e s , 
S iebe l (1923). On th is  bas is  equation (6) becomes:
2x d r + hda^ = 0 ^
Equation  (7) may be adapted fo r  a p p lica tio n  to  re in fo rc e d  e a r th . C o n s id e r f i r s t  
a d ry  p u re ly  f r ic t io n a l s o il obeying the M ohr-C ou lom b fa i lu re  c r i te r io n  w h ich  may 
be exp ressed  in  the fo rm :
= (o^1 + c r y ) s in 0  (8)
Assum ing tha t the  angle of bond s tre ss  is  6 then the shea rs tress  at the s o i l -  
re in fo rc e m e n t in te r fa c e  may be expressed  as:
t  = a 1 tan&  0 )
I f  6 is  the peak va lue  o f the angle o f bond s tre s s , then th is  va lue  w i l l  o n ly  be 
m ob ilised  i f  th e re  is  s u ff ic ie n t re la t iv e  s tra in  between the s o il and re in fo rc e m e n t. 
As a f i r s t  a pp rox im a tion  i t  is  assumed tha t re la t iv e  ra d ia l s tra in  and hence the 
-p ro p o rtio n  of tan  6 m ob ilised  is  a l in e a r  fun c tio n  o f the ra d ia l d i s t a n c e  fro m  the 
ce n tre  o f the sample w here  the s tra in  is  assumed z e ro .
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T h e s e  a s su m pt ions  give:
t = £  t a n 6 a v '  (10)
To re n d e r a tra c ta b le  so lu tion  i t  is  conven ient to  assume tha t the v e r t ic a l e ffe c tive  
s tre s s  approx im ates to  the m a jo r p r in c ip a l s tre s s . L a te r in v e s tig a tio n ' shows 
tha t fo r  the re in fo rc e d  K ao lin  c la y  samples tested  such an assum ption leads to  a 
mean e r r o r  o f app rox im a te ly  5%» P roceed ing  then on th is  bas is  equation  (10) may 
be re w r it te n :
■ t = £  ta n b a .1   (11)
R
S im ila r ly d a ^  = Kad a ^ ’ . S ub s titu tion  in to  equation (7) then leads to  equation (12)
2 tan6  a „ 'r d a  + K .h d a .,1 = 0    (12)
— R—  1 r  a  1
S epa ra tion  of v a r ia b le s  leads to  equation (13)
d a .1 2 tan6  rd  n
_ L  + ______ r  = 0  (13)
tr, 1 t t  Il a
On in te g ra tio n  equation (13) re n d e rs  an e xp ress io n  fo r  ^ f .
o '  = C e x p (-r2tan6/hK R)  . __ (14)• d.
Equation  (14) may be re w r it te n  in  te rm s o f the in te rn a l m in o r p r in c ip a l e ffe c tiv e  
s tre s s  •
o '  = CK exp C-r2tan6/hK R)   (15)2 a a
C o n s id e rin g  now the boundary c o n d itio n s , when r  = R tfre .in te rn a l m in o r p r in c ip a l 
s tre s s  equals the app lied  co n fin ing  p re s s u re  •
°3 = CKa exP(~Rtan6/ hKa )  (16)
Whence:
C = expCRtanb/hK^) ’  ...(17 )
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Subs ti tut ion for  the constant  in equation (15) leads  to equation (18)
Oj ' /cf j '  = exp |^tan6(R^ -  r^VhK^R^ .(18)
The average va lue  of equation (18) is  g iven by in te g ra tio n  o ve r the a rea  of the sample
_R
(o ' / o  ' )
3 3 ave xR
exp j^tan6(R ^-r^)/hKaR 2 x r d r # .(19)
On in te g ra t io n  equation (20) is  ob ta ined .
( o ' / o ' )  -  hK /Rtan6 exp(Rtan6/hK ) -1
✓ ✓ °V  G Q. I .(20)
E quation  (20) may be expressed  in  a m ore m eaningfu l m anner by co n s id e rin g  the 
in c re a s e  in  m in o r p r in c ip a l s tre s s , A o ^ 1 induced by the re in fo rc e m e n t.
a^' + Ao^' = 2pKa/ta n 6
“ y
exp(tan6/2pK ) -  1£L .(21)
W herep is  the  aspect r a t io ,  h /2 R , fo r  each elem ent o f a re in fo rc e d  c y l in d r ic a l sample
I t  is  use fu l to  com pare the p re d ic tio n s  made using  equation (21) w ith  te s t data 
pub lished  by Yang (1972) who c a r r ie d  out t r ia x ia l  te s ts  on samples o f sand o f 
d if fe re n t aspect ra t io s  re in fo rc e d  w ith  r ig id  s tee l end p la tte n s . The pub lished  
va lue  of K' fo r  the sand re n d e rs  a 0* va lue  o f 39° • No data was g iven  fo r  6r 
h ow eve r, a n c i l la ry  shear box tes ts  gave a va lue  of 6 /0  o f 0 .6  thus in d ic a tin g  a 
6 o f 2 3 -4 ° .  C om parison o f th e o ry  and te s t data a re  given in  F ig u re  12. As can 
be seen fo r  aspect ra t io s  le ss  than 0 .8  th e re  is  encourag ing agreem ent.
4 .3  ERROR A N A L Y S IS
In  d e r iv in g  equation (11) the v e r t ic a l e ffe c tiv e  s tre s s  was approxim ated  to  the m a jo r 
p r in c ip a l e ffe c tive  s tre s s . T h is  assum ption o b v io u s ly  in vo lve s  some e r r o r .
F rom  the geom etry o f the M ohr s tre ss  c ir c le  i t  is  poss ib le  to  define  the m a jo r 
p r in c ip a l s tre ss  in  te rm s of the h o r iz o n ta l and v e r t ic a l s tre sses  and the c o rre s p o n d in g  
shear s tre s s .
I f  the ra t io  o f h o r iz o n ta l to  v e r t ic a l s tre s s  is  K and the shear s tre ss  is  defiried by 
equation (9)-then equation (22) may be re w r it te n :
a ' _ 1+K
a •v
1-K 2 2+ ta n  6  (23)
In sp e c tio n  o f the M ohr s tre ss  c ir c le  in  F ig u re  13 shows tha t the shear s tre s s  on 
v e r t ic a l p lanes is  c t^ 'ta n 0 . F rom  the geom etry o f the s tre s s  c ir c le  i t
fo llo w s  tha t:
« <*v  -  crh = 2oh ta n 20 * .................(24)
R earrangem ent o f equation (24) leads to  the exp ress io n  fo r  K in  equation (25)
K = V  1 . . . . . . . . ( 2 5 )
a 1 ov  1 + 2 ta n 20
An id e n tic a l e xp ress io n  to  equation (25) has been pub lished  by B rom s (1978).
B e fo re  equation (23) can be eva luated i t  is  necessa ry  to  b r ie f ly  co n s id e r the  m agnitude 
o f shear s tre ss  on v e r t ic a l p lanes . F ig u re  14 shows an element o f s o il bounded by 
re in fo rce m e n t at i ts  upper edge. F o r  e q u ilib r iu m  to  be m ainta ined the shea r s tre s s  
genera ted  by the re in fo rce m e n t cannot exceed tha t w h ich  the s o il is  capable o f 
tra n s m ittin g  v ia  shear on v e r t ic a l p lanes . T h is  leads to  the e q u a lit ity  a ^ 1 ta n 0  = 
c M ta n b .  When th is  exp ress io n  is  combined w ith  equation (25) i t  defines 
a lim it in g  va lue  fo r  the angle^ofrbond. s t r e s s .
t a n 6 F l i f a n 20 . . . . . . . . ( 2 6 )
P o ss ib le  ra d ia l d is tr ib u t io n s  o f tan 6 a re  cons ide red  in  F ig u re  15. The p re v io u s  
assum ption was tha t tan & , and hence sm all va lues o f & , a re  m ob ilise d  l in e a r ly  
a long a ra d iu s , F ig u re  15a.
H o w e ve r, equation (26) d ic ta te s  a lim it in g  va lue  the e ffec ts  o f w h ich  a re  s ig n if ie d  
in  F ig u re  15b. In  re a l i ty  th e re  can be no h o r iz o n ta l shear s tre s s  at the  p e r ip h e ry  
o f a c y lin d r ic a l sample s ince boundary co nd itions  demand tha t th is  be a p r in c ip a l 
p lane . S ince n e ith e r the  v e r t ic a l e ffe c tiv e  s tre s s  o r  the m a jo r p r in c ip a l e ffe c tiv e  
s tre s s  a re  ze ro  at theboundary , r  = R , i t  may be assumed tha t 5 is  in  e ffe c t equal 
to  z e ro . T h is  im p lie s  a steep g rad ien t of shea r s tre ss  and hence 6 n ea r the
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p e r ip h e ry , F ig u re  15c. In  v ie w  of th is  i t  .is  expedient to assume that the 
lim it in g  va lue  o f tan 6 defined by equation (26) is  l in e a r ly  m ob ilised  across 
a ra d iu s , F ig u re  15d. T h is  lim it in g  va lue  o f angle o f bond s tre s s  w i l l  be 
denoted as 6 ! .
To obta in  the ra d ia l d is tr ib u t io n  . of a^ , / av * equaiton (23) must be re w r it te n  
in  the fo rm  of equation (27)
I T
a »v
1 + K ' , / *1-Kf " 2 r ta n b 12 V . 2 J + _ R
Where K ' is  the m ob ilised  e a rth  p re s s u re  c o e ff ic ie n t defined by equation (28)
.(27)
K* = K + £> a R l+2t'an^0 ~ .(28)
The re s u lt in g  e r r o r  d is tr ib u t io n ,  fo r  0 = 39 » is  shown in  F ig u re  16. In te g ra tio n  
leads to  a mean ra d ia l e r r o r  o f 8 .4% . The o v e ra ll e r r o r  is  le ss  than th is  s ince  the 
ra d ia l shea r s tre ss  changes sign  o v e r the he ight o f a re in fo rc e d  element and:thus 
must assume a ze ro  va lue  at some p o in t. Assum ing a v e r t ic a l d is tr ib u t io n  to  be 
l in e a r  im p lies  a ze ro  shear s tre s s  at h /2  thus the o v e ra ll mean e r r o r  reduces 
to  4 .2% . S im ila r  ca lc u la tio n s  fo r  the K a o lin  c la y  ,0 = 2 4 .3 ° ,  re n d e r an o v e ra ll 
mean e r r o r  o f 5 .2% .
When equation (21) is  re -a p p lie d  to  Y ang 's  te s t data us ing the l im it in g  va lue  o f 6 
d ic ta ted  by equation (26) th e re  is  poo r agreem ent, F ig u re  17. H o w e ve r, the  te s t 
data is  somewhat su b jec tive  s ince Yang ( lo c .c i t )  found tha t d e v ia to r s tre s s  
continued to  in c re a se  s lo w ly  w ith  in c re a s in g  a x ia l s t ra in .  C onsequently  the  
maximum deviator s tre s s  was deemed to  be tha t o c c u rr in g  at an a x ia l s tra in  o f 20%.
I f  th is  is taken in to  account to  c o r re c t  the in i t ia l  aspect ra t io  to  tha t p re v a il in g  at 
fa i lu re  then the tes t data fa l l  much c lo s e r  to  the th e o re tic a l l in e .
A much m ore conv inc ing  v in d ic a tio n  o f the lim it in g b  hypo thes is  comes from  
com parison  of the proposed th e o ry  w ith  te s t data from. B rom s (1977). The pub lished  
data inc lude  re s u lts  fro m  t r ia x ia l  te s ts  c a r r ie d  out on sand re in fo rc e d  w ith  fa b r ic  
at a sp e c t-ra tio s  o f 2 and 0 .67  > thus a llo w in g  eva lua tion  o f the m easured s tre n g th  
ra t io  R , equation (4 6 ). F rom  the same equation th e o re tic a l s tre n g th  ra t io s ,  R {& ! ) ,  
w ere dete rm ined  assum ing a lim it in g  va lue  of angle o f bond s tre s s .  S im ila r ly  
th e o re tic a l ra t io s  , R (0 ) ,  w ere  eva luated us ing  an un lim ited  6 , in  th is  case B rom s
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had c a r r ie d  out tes ts  w hich gave 6* = 0 . Insp e c tion  of Table  2
re ve a ls  tha t the m easured s treng th  ra t io  was <on average 95% of tha t p re d ic te d  
using lim ite d  6 but on ly  54% of tha t using the pub lished un lim ited  va lu e .
TA B LE  2 . CO M PARISO N OF THEO RY W ITH  T E S T  D ATA FROM BROMS (1977)
TEST
NO.
ASPECT
RATIO
MEASURED STRENGTH 
RATIO R
THEORETICAL 
. RATIO R (6 1 )
RATIO 
-R/PC6*)
THEORETICAL 
RATIO R( 0 )
RATIO
R /R (0 )
A3 0.67 1.70 1.82 0.93 4.25 0.40
B3 0.67 1.70 1.70 1.00 3.10 0.55
C3 0.67 1.45 1.61 0.90 ' 2.55 0.57
D3 0.67 1.50 1.58 0.95 2.38 0.63
4 .4  U N D R A IN E D  A N A L Y S IS
A to ta l s tre s s  a na lys is  may be developed on the assum ption tha t the ra d ia l shea r 
s tre ss  developed at the s o il- re in fo rc e m e n t in te r fa c e  is  some fra c t io n  of the 
undra ined  shear s tre ng th  o f the s o il a lone . I f  i t  is  again assumed tha t th is  
bond s tre ss  is  m ob ilised  l in e a r ly  from  the ce n tre  of the sample then the  shea r 
s tre ss  t m ob ilised  at any ra d iu s  r  is  defined by equation (29 ).
■ T  = § C U . . . , . . . . ( 2 9 )
T h is  e xp ress ion  may be su bs titu ted  d ire c t ly  in to  equation (7 ). S ince  the a n a lys is  
is  in  te rm s of to ta l s tre ss  i t  fo llow s that at fa i lu re  dcr^ = da^ thus equation  (7) may 
f in a l ly  be re w r it t  en in  the fo rm  of equation (30)
2C r  .d r  + hdcr = 0  e.o O 0 )u R
S epara tion  o f v a r ia b le s  fo llow ed  by in te g ra tio n  leads to equation (31)
o 21 C -  r .(31)
2C 2hRu
A pp ly ing  the boundary cond ition  r  = R , = (2CJ+ a ^ ) a llow s eva lua tio n  o f the 
constant of in te g ra tio n  whence equation (32) is  de rived
15 3
( gI ~ g3 ) , (H2- ! -2 )
2C -  •*■ + 2hR 
u
(32)
F u r th e r  in te g ra t io n , o ve r the a rea  of the sam ple, leads to the mean va lue  of 
equation (32)
S ince the fa i lu re  d e v ia to r s tre ss  in  equation (33) is  tha t of the re in fo rc e d  s o il 
th is  equation re p re se n ts  a s treng th  ra t io ,  R , w hich is  s im p ly  the quo tien t o f the 
d e v ia to r s tre s s  at fa i lu re  of the re in fo rc e d  sample to  the d e v ia to r s tre s s  at 
fa i lu re  o f the u n re in fo rc e d  sam ple, equation (34)
I f  the adhesion between the s o il and the re in fo rcem e n t is  im p e rfe c t then equations 
(33) and (34) may be re w r it te n  to  in c lu de  an adhesion fa c to r  ex
4 .5  IN T E R M E D IA T E  A N A L Y S IS
E a r l ie r  te s t re s u lts ,  F ig u re  10, in d ic a te  tha t fu l l  d ra inage can o c c u r at a 
porous re in fo rc e m e n t-s o il in te r fa c e  even though the main body of the c la y  is  
sheared at a h igh  ra te  o f s tra in  co ns is te n t w ith  no d ra ina g e . A  c o ro l la r y  to  th is  
is  tha t porous re in fo rce m e n t cou ld  be spaced to  re n d e r a d ra inage  path le n g th  
cons is ten t w ith  fu l l  d ra inage  o c c u rr in g  fo r  a spec ified  ra te  o f lo a d in g . A lo w e r  
bound of such an a na lys is  in vo lve s  an in te rm e d ia te  case in  w h ich  d ra ina g e  is  
assumed to  o c c u r on ly  at the s o il- re in fo rc e m e n t in te r fa c e  w ith  no d ra ina g e  in  the 
main body of the c la y . F o r  these co nd itions  the fa ilu re  c r ite r io n  fo r  the  c la y  is  
re p re sen ted  by equation  (36)
I t  fo llo w s  fro m  equation (36) tha t at fa i lu re  60^=&cr.^# S im ila r ly ,  in  te rm s  o f 
to ta l s tre s s , 6o'r =60^= 6a^ thus equation (7) rnay be re w r it te n  in  the fo rm  o f 
equation (37)
(33)
(34)
R = 1  + o/8)i (35 ).
2tan6 ! o_ rd r  + hdcr 
R 1
0 . . . ( 3 7 )
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Separa t ing  v a r ia b le s  and in tegra t ing  gives equation (38)
= C e x p ( - r ^ ta n 6 1 /  hR)  (38)
C o n s ide ring  unconfined com press ion  the boundary cond ition  r  = R , cr  ^ = 2C^ 
perm itseva lua tion  o f the constant o f in te g ra t io n .
C = 2Cuexp. ( R ta n b '/h )   (39)
Whence
°1
2C = eXP u
(R ^-r^ )tan6* /  hR
.(40)
F u r th e r  in te g ra t io n  re n d e rs  the average va lue of equation (40)
................(41)
2CUJ ave
S im ila r ly  fo r  confined  com press ion
= 2]l /  tan&* £exp(tan&!/2 li)  -  l ]
( gl  ° 3 ) r  = 2)i /  ta n6 f I"exp (tan& !/2 )i)  -  l ]  ................(42)
2Cu
E quation  (42) is  on ly  v a lid  i f  the shea r s tre ss  tra n sm itte d  to  the c la y  between 
consecu tive  re in fo rcm e n ts  does not exceed the undra ined  shear s tre n g th  o f the  c la y . 
Shear fa i lu re  w ith in  the main body of the c la y  would be governed by equation  (33) 
w he re , in  th is  case , the aspect ra t io  would be determ ined using  the he igh t o f the  c la y  
w here no d ra inage  has o c c u rre d .
4 .6  THE STR E N G TH  R A T IO
In  in te rp re t in g  te s t re s u lts  i t  is  use fu l to have a s im ple c r i te r io n  to  de fine  the 
in c re ase  in  s tre n g th  induced by re in fo rc e m e n t. A su itab le  s tre n g th  ra t io  has 
been defined in  equation  (34) w ith  such a ra t io  being com patib le  w ith  the 
th e o re tic a l e xp ress ions  g iven in  equations (33) and (42 ). H o w e ve r, i t  is  not 
im m ed ia te ly  apparent tha t the s treng th  ra t io ,  as de fined , is  com patib le  w ith  the 
th e o re tic a l e xp re ss io n  in  equation (21). I f  i t  is  assumed tha t the in c re a s e  in  
m ino r p r in c ip a l s tre s s  Acr^1 associa ted  w ith  a co rre sp on d ing  in c re a s e  in  m a jo r 
p r in c ip a l s tre s s  Acr^ then the s treng th  ra t io  may be w r itte n  in  the fo rm  o f equation
(43)
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K _ (o1 l + A o 1 l ) -  ( O j1 + A < j ' )
( o p  -  < y )
T h is  red  uces to :
.(43)
B = Kp + A a 3'^  " ( " j '  + Act ' )  ................
— -------------
F u r th e r  s im p lif ic a t io n  re n d e rs  equation (45)
E = V  *  A o3 ‘  (45)
V
From  th is  i t  fo llo w s  tha t equation (21) is  com patib le  w ith  the s tre n g th  ra t io  de fined. 
R _ cy^ ) r  [*e xp (ta n 6 '/2 v iK  ) -  l ]   (46)
 U ^ J u = t ^ & » L a J
-L 5
5 .0  P H ASE ONE -  D R A IN E D  AND R A P ID  SHEAR T E S T S  ON M U L T I-R E IN F O R C E D  
SAM PLES.
Phase one in vo lve s  th re e  s e rie s  o f e x p lo ra to ry  te s ts  using m u lt i- re in fo rc e d  sam ples 
w ith  o v e ra ll aspect ra t io s  o f tw o . The f i r s t  tw o  s e rie s  employed 102mm d ia m e te r 
samples o f K ao lin  c la y  re in fo rc e d  w ith  4.75mm th ic k  d iscs  o f 102mm d ia m e te r porous 
p la s t ic .  The th ir d  s e rie s  in vo lve d  33mm d iam ete r samples re in fo rc e d  w ith  
dom estic a lum in ium  fo i l  d iscs.38m m  in  d ia m e te r. To m in im ise  e xpe rim en ta l 
v a ria b le s  the K a o lin  c la y  was p re p a re d  in  la rg e  batches and sealed in  a i r  t ig h t 
bags fo r  ten days to  a llo w  m o is tu re  content e q u a lisa tio n . A t the end o f th is  p e r io d  
the p re -m ixe d  c la y  was fo rm ed in to  s tandard  102mm x  204mm samples at a "density  
th e o re t ic a lly  co ns is te n t w ith  fu l l  s a tu ra tio n . These samples w e re  w rapped in  
alum inium fo i l  se a le d " w ith  wax and a llow ed  to  cu re  fo r  a fu r th e r  ten d a ys . To 
in tro d u ce  the re in fo rc in g  d iscs  the c la y  was cu t in to  d ies o f a p p ro p ria te  he igh t 
using cheese w ir e .  The s o il and re in fo rc in g  d iscs  w ere  then com bined to  g ive  
a re in fo rc e d  sample 204mm h ig h . These samples w ere  then tes ted  ra p id ly  to  p re ve n t 
d ry in g  o u t. In  c e r ta in  o f the te s ts  the  undrainfed sh e a r-s tre n g th  o f the c la y  a lone 
was eva luated us ing  an e a r l ie r  de fined e m p iric ism  re la t in g  und ra ined  sh ea r 
s treng th  to  m o is tu re  co n te n t. F o r  these te s ts  the m o is tu re  content o f the  c la y  was 
determ ined by d ry in g  out the whole sam ple.
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5.1 T E S T S  AND T E S T  R E S U LT S .
In  phase one th re e  s e rie s  o f uncon jined com pression  tes ts  w ere  c a r r ie d o u t .
In  the f i r s t  two s e rie s  102mm d iam ete r by 204mm high samples o f K ao lin  c la y
w ere  used. These w ere  re in fo rc e d  w ith  102mm d iam ete r porous d iscs  w ith
tw o samples be ing  made fo r  each re in fo rcem e n t spacing . To observe  the e ffec ts
of s o il- re in fo rc e m e n t s tiffn e s s  batches of samples w ith  nom inal undra ined  s trengh ts  
2 2of 50 kN /m  and 150 kN /m  w ere  used. In  the f i r s t  se rie s  o f te s ts  the samples 
w ere  sheared ra p id ly  at an o v e ra ll ra te  o f 2% /m inute . The re s u lts  a re  g iven 
in  Tab le  3 .
TA B LE  3 R E S U LTS  OF R A P ID  SHEAR T E S T S  ON 102mm D IA M E T E R  SAM PLES
NO. OF 
DISCS
( °  -  c ) K 1 3 MOISTURE
CONTENT
%
C
u
Q
1—
' 1 Q
CO
AVERAGE DISC
SPACING
mm.
h
d2
kN/rn^ kN/ir,^
2Cu
kN/m^
4 30 33.10 47.40 0.63
4 54 32.10 56.80 0.95
0.79 68.30 0.62
6 50 33.20 46.60 1.07
6 44 32.30 54.80 0.80
0.94 40.90 0.35
9 113 30.60 75.20 1.50
9 95 32.80 50.00 1.90
1.70 25.60 0.20
12 305 30.80 72.40 4.21
12 253 31.00 69.70 3.63
3.92 18.60 0.14
3 79 28.60 111.20 0.71
3 78 28.70 109.70 0.71
0.71 106.80 1.00
4 128 27.00 157.00 0.82
4 123 26.80 164.00 0.75
0.79 68.30 0.62
6 193 28.30 119.10 1.62
6 140 27.40 144.00 0.97
1.30 40.90 0.35
9 185 27.80 132.20 1.40
9 263 26.50 175.20 1.50
1.45 25.60 0.20
NOTE: i ) h is  height of soil element between consecutive reinforcing discs.
i i ) d is  sample diameter.
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j ne unara inea  snea r s treng tn  01 tne c la y  in  each sample was dete rm ined  by 
m easuring  its  m o is tu re  content and app ly ing  the e m p iric ism  given in  equation (1 ).
In  the second s e r ie s  o f tes ts  the re in fo rc e d  samples w ere  sheared s lo w ly  
thus a llo w in g  fu l l  d ra in a g e . The re s u lts  fo r  these tes ts  a re  g iven in  Tab le  4 .
TA B LE  4 . R E S U LTS  OF D R A IN E D  SHEAR T E S T S  ON 102mm D IA M E T E R  SAMPLES
NO. OF DEVIATOR MOISTURE AVERAGE STRENGTH DISC h
DISCS STRESS
kN/m^
CONTENT
%
DEVIATOR
STRESS
kN/m
RATIO SPACING
mm
d
2 55.20 32.90 *
2 71.00 30.30
63.10 1.00 204.80 1.96
4 64.90 30.80
4 129.20 28.30
99.30 1.57 68.30 0.62
6 115.80 29.80
6 106.00 31.40
110.90 1.76 40.90 0.35
9 178.60 31.30
9 181.40 30.00
180.00 2.85 25.60 0.20
12 432.20 31.90
12 455.00 30.60
443.60 7.03 18.60 0.14
2 158.00 29.50
2 173.60 29.20
165.80 1.00 204.80 1.96
4 213.40 26.90
4 224.00 26.80
218.70 1.32 68.30 0.62
6 258.00 27.40
6 225.00 29.20
241.50 1.46 40.90 0.35
. 9 404.00 27.70
9 418.00 23.80
411.00 2.48 25.60 0.20
2 88.60 33.50
2 107.80 32.50
98.20 1.00 204.80 1.96
3 112.40 33.50
3 •130.40 32.30
121.40 ,1.24 106.80 1.00
1 5  8
The s tre ng th  o f the u n re in fo rce d  s o il was taken to  be h a lf the d e v ia to r s tre s s  
at fa i lu re  of samples w ith  an aspect ra t io  o f tw o .
In  the th ird  s e r ie s  of te s ts  76mm x 38mm d iam ete r samples o f K ao lin  w ere  
re in fo rce d  w ith  0.02mm th ic k  alum inium  fo i l  and sheared ra p id ly .  The test 
re s u lts  a re  g iven in  Tab le  5 .
TA B LE  5 . R E S U LTS  OF R A P ID  SHEAR T E S T S  ON 38mm D IA M E T E R  SAM PLES
NO. OF 
DISCS
( < T ° 3 ) MOISTURE
CONTENT
*
C
u
kN/m^
( CJj-cr 3) AVERAGE DISC
SPACING
mm
h
d
2
kN/m^
2C
u
4 16 33.00 48.30 0.33
4 135 26.00 196.00 0.69 0.52 25.30 0.67
4 275 14.00 505.0* 0.54
5 16 35.00 34.20 0.46
5 76 26.40 179.20 v0.42 Q.48 19.00 0.50
5 282 14.00 505.0* 0.56
7 13 34.30 38.50 0.34
0.44 12.70 0.33
7 87 26.90 160.50 0.54
NOTES: *Undrained shear strength determined by direct measurement.
5 .2  A N A L Y S IS  OF T E S T  RESU LTS
F ig u re  18 shows the re s u lts  fo r  th e * fu lly  d ra ined  tes ts  to g e th e r w ith  the  th e o re t ic a l
lin e  fo r  0 = 2 4 .3 °  and 6 f = 17 .80° as d ic ta te d  by equation (2 6 ). The re s u lts
co n firm  the g ene ra l v a lid ity  o f the th e o ry  in  as much as the s tre n g th  ra t io  in c re a se s
e xp o n e n tia lly  w ith  decreas ing  aspect r a t io .  R esu lts  fo r  the  s t i f f e r  samples having
2a nom inal und ra ined  shear s treng th  o f 150 kN /m  tend to  fa l l  be low  the  th e o re t ic a l 
l in e .  T h is  is  thought to  be due p a r t ly  to  the fac t tha t the re in fo rc e m e n t is  n o t, 
as assumed in  the th e o ry , in f in ite ly  s t i f f  com pared to  the s o i l .  As the 
s o il becomes s t i f fe r  w ith  re sp ec t to  the  re in fo rce m e n t th e re  must be a re d u c tio n  
in  the magnitude o f bond s tre ss  m o b ilise d .
A t low  aspect ra t io s ,  the re s u lts  fo r  the ra p id  shea r te s ts ,  F ig u re  19, again show 
an exponen tia l in c re a s e  in  the s treng th  ra t io .  The low est aspect ra t io  o f 0.14 
g ives a s tre n g th  ra t io  tha t fa l ls  between the  th e o re tic a l l in e s ,  th is  is  reasonab le  
s ince w ith  the porous d iscs  at such c lose  ce n tre s  i t  woula be expected tha t some
1^9
dra inage  would o c c u r even at ra p id  ra te s  of: sh e a r. A t h ig he r aspect ra t io s  
the re s u lts  fa l l  c lo s e r  to  the lin e  p re d ic te d  using the assum ption that dra inage 
is  re s tr ic te d  to  the  s o il re in fo rcem e n t in te r fa c e . The most s u rp r is in g  re s u lts  
a re  those tha t fa l l  between aspect ra t io s  o f 0 .5  and un ity  where the add ition  of 
re in fo rce m e n t appears to  g ive a 20% to  30% re d u c tio n  in  the s treng th  of the 
re in fo rc e d  c la y . R esu lts  from  the tes ts  on 38mm d iam ete r samples re in fo rc e d  
w ith  a lum inium  showed on average a 50% decrease  in  s treng th  fo r  aspect ra t io s  
between 0 .3 3  and 0 .6 7 .
E xam ina tion  o f the d ism antled 38mm d iam ete r samples revea led  both 
c irc u m fe re n t ia l and ra d ia l tens ion  c ra c k s  in  the c la y , the re in fo rce m e n t being 
in ta c t .  T h is  suggested a fa i lu re  mode in v o lv in g  ra c ia l tens ion  caused by s o il 
re in fo rce m e n t s lip  o r  re in fo rce m e n t ex te n s io n . The la t te r  seemed u n lik e ly  s ince 
on te s tin g  the a lum in ium  fo i l  was found to  have a v e ry  su bs ta n tia l s tiffn e s s  o f 
1 .4M N /m . R e ference  to  e a r ly  w o rk  on concre te  te s tin g  gave c redence  to  the 
hypo thes is  tha t th e re  was ra d ia l s lip  between the s o il and re in fo rce m e n t.. E o p ji 
(1900) found tha t when end p la ttens w ere  lu t r i  ca ted w ith  p a ra ff in  the observed  
com press ive  s tre n g th  of concre te  was g re a tly  red uce d . The fa i lu re  mode 
changed fro m  tha t in v o lv in g  the common double p y ra m id a l shear p lanes to  one 
composed o f a s e r ie s  o f v e r t ic a l p la n a r tens ion  c ra c k s  p a ra lle l to  one side of the 
te s t cube . A lm ost id e n tic a l re s u lts  w ere  obta ined by B e rg  (1950) who negated 
the e ffe c ts  o f p la tte n  f r ic t io n  by te s tin g  square c ro s s -s e c tio n  samples w ith  an 
aspect ra t io  o f fo u r .  O ver a range of te s ts  B e rg  found a 50% decrease  in  
com press ive  s tre n g th  again caused by fa i lu re  in  tra n s v e rs e  te n s io n .
The enigma was compounded when the undra ined  c la y -a lu m in iu m  fo i l  adhesion 
fa c to r  was eva luated using the shear box. The te s t re n de re d  a qu ite  reasonab le^  
va lue  o f 0 .4 4 . To fu r th e r  in ve s tig a te  the anomaly o f the re in fo rce m e n t caus ing  
a decrease  in  s tre ng th  an a d d itio n a l te s tin g  phase was in s t itu te d  to  study un­
d ra ine d  loa d in g  in  te rm s of e ffe c tiv e  s tre s s .
6 .0  PHASE TWO -  U N D R A IN E D  TE S TS. ON M U L T I-R E IN F O R C E D  S AM PLE S
The purpose  of phase tw o te s tin g  was to  de te rm ine  the mechanism in vo lve d  in  the 
re d u c tio n  o f s tre n g th  su ffe re d  by re in fo rc e d  sam ples, sheared under und ra ined  
c o n d itio n s . S ince i t  was l ik e ly  that the mechanism would be c o n tro lle d  by 
e ffe c tiv e  s tre sse s  ra th e r  than to ta l s tre sse s  a ll te s ts  w ere  conducted 
conso lida ted  undra ined  w ith  p o re w a te r p re s s u re  m easurem ent.
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To in ve s tig a te  the extrem es o f re la t iv e  s o il/re in fo rc e m e n t s tiffn e s s  use 'w as made 
of a lum inium  fo i l  and non woven fa b r ic s  as re in fo rc e m e n t. T h ree  non woven 
fa b r ic s ,  namely T e rra m  70, T e rra m  280, and P o ly fe lt TS300 w ere  se lec ted .
P r io r  to  t r ia x ia l  te s tin g  the s treng th  and de fo rm ation  c h a ra c te r is t ic s  of the 
fa b r ic s  w e re  dete rm ined  using the plane s tra in  te n s ile  te s t,  S issons (1977),
McKeand and S isso ns , (1978). To assess any a n iso tro p y  tha t m ight e x is t samples 
w ere  cu t fro m  the r o l ls  o f fa b r ic  in  fo u r  o r ie n ta tio n s  , F ig u re  20a. T est 
d ire c t io n  1 was taken to  co inc ide  w ith  the d ire c t io n  in  w h ich  the fa b r ic  is  unwound 
from  the r o l l .  The re s u lt in g  d is tr ib u t io n  of u ltim a te  plane s tra in  te n s ile  s tre n g th s , 
exp ressed  in  k ilonew tons p e r m etre  w id th , a re  shewn in  the fo rm  of p o la r  d iagram s 
F ig u re  20 . .As can be seen, w ith  the  excep tion  o f T e rra m  280, the fa b r ic  
s tre ng th s  a re  fa r  from  is o tro p ic .  F o r  the P o ly fe lt  TS300 the maximum m easured 
s tre n g th  exceeded the minimum s tre ng th  by 98%, w ith  . the co rre s p o n d in g  f ig u re  
fo r  the T e rra m  70 being 79% • T h is  a n is o tro p ic  behav iou r extended to  the 
de fo rm a tion  c h a ra c te r is t ic s  of the fa b r ic s ,  F ig u re  21, w ith  the h ighes t degree 
o f a n is o tro p y  again being exh ib ited  by the  P o ly fe lt  TS300 w h ich  fa ile d  at a x ia l s tra in s  
v a ry in g  fro m  95% to  160% , F ig u re  21a. As a c o ro l la ry  to  the obse rved  v a r ia t io n s  
in  s tre n g th  and fa i lu re  s tra in s  the in i t ia l  tangent s tiffn e ss  o f both the  T e rra m  70 
and P o ly fe lt  TS300 showed m arked a n iso tro p y  , Tab le  6 .
T A B LE  6 . R E IN FO R C E M E N T D A T A
REINFORCEMENT MATERIAL BONDING WEIGHT2
grm/m
THICKNESS
mm.
STIFFNESS kN/m 
MAX. MIN.
TERRAM 70 Polypropylene/Nylon Melt
Bonded
70 0.30 13 7
TERRAM 280 Polypropylene/Nylon Melt
Bonded
280 0.70 28 24
POLYFELT TS300 Polypropylene Needle
Bonded
250 3.20 20 7
FOIL Aluminium - 55 0.02 1400
6.1 T E S T S  AND T E S T  R ESU LTS
H aving assessed the m echanical p ro p e rtie s  o f the re in fo rc in g  m a te r ia ls  fo u r  s e r ie s  
of m u ltis ta ge  conso lida ted  undra ined  t r ia x ia l  te s ts  w ith  p o re w a te r p re s s u re  
measurem ent w e re  c a r r ie d  cut on 102mm d ia m e te r, 204mm h igh  sam ples o f 
re in fo rc e d  and u n re in fo rc e d  c la y . In  the f i r s t  th re e  s e r ie s  o f te s ts  rem ou lded
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London C lay  was h o r iz o n ta lly  re in fo rc e d  w ith  e ith e r 102mm d iam ete r d iscs  of 
a lum inium  fo i l ,  T e rra m  70 o r  T e rra m  280 p laced at 25mm v e r t ic a l c e n tre s . One 
c o n tro l sample of London C lay  was tested u n re in fo rc e d . In  the fo u rth  se rie s  
tw o samples of rem oulded b ou ld e r c la y , liq u id  l im it  68%, p la s tic  l im it  39% > 
re in fo rc e d  w ith  102mm d iam ete r P o ly fe lt  TS300 d iscs  at 25mm v e r t ic a l spacings 
w ere  tes ted  as w e ll as th re e  u n re in fo rce d  c o n tro l sam ples. R esu lts  fo r  the 
fo i l  re in fo rc e d  sample and the u n re in fo rc e d  c o n tro l sample a re  given in  Table 7 .
TA B LE  7 . T E S T  R E SU LTS  EOR LONDON CLAY W ITH  F O IL  R E IN FO R C E M E N T
'
SAMPLES CELL *  
PRESSURE
0
3
DEVIATOR •* 
STRESS
( 0 - 0  )
V 1 3
POREWATER *  
PRESSURE 
Au
PORE PRESSURE 
PARAMETER 
A
STRENGTH
RATIO
R
INITIAL*
M0DULUJ)
ExlO
CONTROL 100 52 50 0.96 _ 6
200 108 101 0.94 - ' 14
400 191 201 1.05 - 32
REINFORCED 100 32 71 2.22 .62 4
200 82 126 1.54 0.76 8
400 151 264 1.75 0.79 19
*  kN/m2
In sp e c tio n  o f these data re v e a ls  two v e ry  in te re s t in g  re s u lts .  F i r s t ly  the 
re in fo rc e m e n t has caused a decrease in  com press ive  s tre ng th  w ith  s tre n g th  ra t io s  
in  the range  of 0 .6 2  to  0 .7 9 ; th is  re d u c tio n  in  s tre n g th  a lso  appears to  be 
assoc ia ted  w ith  a re d u c tio n  in  in i t ia l  tangent m odulus. Secondly the  p o re w a te r 
p re ssu re s  at fa i lu re  in  the re in fo rc e d  samples a re  much h ig h e r than those in  the 
c o n tro l sam ples. These h igh  p o re w a te r p re s s u re s  a re  re f le c te d  in  the  p o re  p re s s u re  
pa ram e te r A w h ich  lie s  in  the range 1.54 to  2 .2 2 .
The re s u lts  fo r  the T e rra m  a n d .P o ly fe lt re in fo rc e d  samples a re  g iven in  Tab les 
8 and 9 re s p e c t iv e ly .  As can be seen the  T e rra m  70 gave a m a rg in a l in c re a s e  
in  s tre n g th  and in i t ia l  tangent m odulus. A s lig h t ly  b e tte r pe rfo rm ance  was 
obta ined us ing  the T e rra m  280 w hich gave r is e  to  com press ive  s tre n g th  in c re a s e s  
in  the range  8% to  17%, to g e th e r w ith  a su bs ta n tia l in c re a se  in  in i t ia l  tangent 
m odulus. The g re a te s t in c re a se s  in  com press ive  s tre ng th  w ere  obta ined us ing  
the P o ly fe lt ,  how eve r, the magnitude of the im provem ent was somewhat v a r ia b le  
being in  the range 22% to  49% fo r  the f i r s t  sample and 15% to  23% fo r  the second 
sample. The e ffec ts  on the  tangent modulus w e re  v e ry  e r ra t ic  w ith  bo th  in c re a s e s  
and decreases being o bse rved .
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TA B LE  8 . T E S T  R ESU LTS FOR.LONDON CLAY W ITH TERRAM  R E IN FO R C E M E N T
SAMPLE CELL*
PRESSURE
0
3
DEVIATOR*
STRESS
( °  -[ 1 3
POREWATER*
PRESSURE
An
PORE PRESSURE 
PARAMETER 
A
STRENGTH
RATIO
R
INITIAL*
MODULUS
ExlO
CONTROL 100
200
400
52
108
191
50
101
201
0.96
0.94
li.05 -
6
14
32
REINFORCED (T70) 100
200
400
53
119
210
47
104
215
0.89 
0.87 • 
1.03
1.02
1.10
1.10
8
16
35
REINFORCED (T280) 100
200
400
56
124
223
54
110
240
0.96
0.88
1.07
1.08
1.15
1.17
10
23
43
*  kN/m2
TA B LE  9 . T E S T  R ESU LTS  FOR BOULDER CLAY W ITH  P O LY F E LT  .
R E IN F O R C E M E N T
SAMPLE CELL *
PRESSURE
a
3
DEVIATOR*
STRESS
( °  - a )1 1 3
POREWATER*
PRESSURE
Au
PORE PRESSURE 
PARAMETER 
A
STRENGTH 
: RATIO 
R
INITIAL*
MODULUS
ExlO
CONTROL 1 50
100
200
28
72
125
22
47
95
0.79
0.65
0.76
-
8
13
30
CONTROL 2 50
100
200
28
63
115
24
41
83
0.86
0.65
0.72 -
7
13
30
CONTROL 3 50
100
200
30
61
113
23
46
95
0.77
0.75
0.84 -
7
12
30
REINFORCED 1 
(TS300)
50
100
200
35
89
175
36
68
124
1.02
0.76
0.71
1.22
1.36
1.49
12
20
10
REINFORCED 2 
(TS300)
50
100
200
33
77
145
34
72
130
1.03
0.94
0.90
1.13
1.18
1.23
2
11
9
*  kN/m2
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6 .2  A N A L Y S IS  OF T E S T  R E SU LTS  -  F O IL  R E IN FO R C E M E N T 
I t  has been dem onstra ted th a t, fo r  ax isym m e tric  lo a d in g , the in c re a se  in  
s tre ng th  o f re in fo rc e d  s o ils  sheared under d ra ined  cond itions  is  a fuc tio n  o f the 
a d d itio n a l e ffe c tiv e  co n fin ing  p re s s u re  A a^1 induced by the re in fo rc e m e n t.
As a c o ro l la ry  to  th is  i t  m ight be argued tha t under undra ined  co nd itions  th e re  
is  an in c re a s e  in  the to ta l co n fin in g  p re ssu re  , Acr^ . C redence is  g iven  to  th is  
hypo thes is  by a re c o n s id e ra tio n  o f the te s t data fo r  the  London C lay  re in fo rc e d  
w ith  a lum in ium  fo i l .  F o r  example re fe re n ce  to  the re s u lts  fo r  the f i r s t  stage 
of both the c o n tro l and re in fo rc e d  samples shows th a t, w ith  the po re  p re ssu re - 
p a ram e te r A ca lcu la te d  in  the norm a l m anner fo r  a fu l ly  sa tu ra ted  s o il the  va lues 
a re  0 .9 6  and 2 .2 2  re sp ec tive ly .,T ab le  7 . I f ,  h ow eve r, i t  is  accepted tha t the 
pa ram e te r A is  se n s ib ly  a constant o f the s o il fo r  these' tw o te s ts  th is  leads to  
the co nc lus io n  tha t th e re  is  an in c re a se  in  . T h is  fo llo w s  from  Skem pton's
pore  p re s s u re  equation , fo r  a fu l ly  sa tu ra ted  s o il,w h ic h  may be re a rra n g e d  in  
the fo rm  of equation  (47)
A a = Au -  A (o 1 -  o )  (47)
T ak ing  the m easured p o re w a te r p re s s u re  and d e v ia to r s tre s s  at fa i lu re  fo r  the
%
re in fo rc e d  sample w ith  A = 0 .9 6  i t  fo llo w s  tha t:
A c ^  = 71 -  (0 .9 6  x  32 ) = 4 0 .3  kN/m2
Such an in c re a s e  in  to ta l co n fin in g  p re s s u re  would not be expected to  cause a 
change in  e ffe c tiv e  s tre ss  le v e l s ince  any change Acr^ , w ou ld , fo r  a fu l ly  
sa tu ra te d  s o i l ,  be n u ll if ie d  by an equal p o re w a te r p re s s u re  resp on se .
C onsequently  no change in  undra ined  shea r s tre n g th  would be a n tic ip a te d . H o w e ve r, 
th is  is  m a n ife s tly  not the  case s ince  the addition o f a lum inium  fo i l  re in fo rcem en t was 
observed  to  cause re d uc tio n s  in  undra ined  s tre n g th  ra n g in g  from  21% to  33%.
Some in d ic a tio n  o f the-mechanism of th is  re d u c tio n  in  s tre ng th  is  g iven  by 
com parison  o f the e ffe c tiv e  s tre ss  paths fo r  the c o n tro l and re in fo rc e d  sam ples 
shown in  F ig u re  22 . I t  can be seen tha t f o r  each stage of the te s t the  e ffe c tiv e  
s tre s s  path fo r  the  re in fo rc e d  sample is  app ro x im a te ly  p a ra lle l to  tha t o f the  
c o n tro l sample but transposed  to  the le f t  thus re a ch in g  fa ilu re  at a lo w e r  d e v ia to r  
s tre s s . T h is  tra n s p o s it io n  takes p lace at v e ry  low  a x ia l s t ra in s ,  in  a l l  th re e  
shear stages being le ss  than 0 .2% , and o ccu rs  s u b s ta n tia lly  a long the p ' a x is  
thus d e fin in g  a decrease  in  e ffe c tive  co n fin in g  p re s s u re . An exp lana tion  o f th is  
phenomenon can re a d ily  be obta ined fro m  a study of the  ra d ia l d is tr ib u t io n  of
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A a . F ig u re  23 shows the re s u lts  o f a f in ite  element a na lys is  fo r  an
unconfined sample w ith  an aspect ra t io  of 0 .2 9  Yang (1972). The magnitudes
of A a a re  shown as percen tages of the app lied  a x ia l s tre s s . As can be seen
3
the d is tr ib u t io n  of A i s  e x trem e ly  non -u n ifo rm  be ing high at the  ce n tre  o f the 
sample and low  at the p e r ip h e ry . I t  is  postu la ted  tha t du ring  shearing  
c o rre s p o n d in g ly  h igh p o re w a te r p re s s u re s  a re  induced at the ce n tre  o f the sample 
These h igh p o re w a te r p re s s u re s  a re  then tra n sm itte d  ra d ia l ly  causing  a net 
decrease  in  e ffe c tiv e  co n fin in g  p re s s u re  so lead ing  to  p rem a tu re  fa i lu re .
With know ledge of the change in  undra ined  shear s treng th  AC^ , caused by the 
re in fo rce m e n t i t  is  p oss ib le  to  eva lua te  the mean va lue  of Acr^*. I f  the changes 
in  m a jo r and m in o r p r in c ip a l total s tre sse s  a re  Acr  ^ and A cj^  re s p e c t iv e ly ,  
then:
Ao. -  A<j,  = 2 AC....................................................... ............ U8)1 u
T ak ing  A a^ ' = Kp A at fa i lu re ,  equation  (48) can be re w r it te n :
2 AC
A<y  = t k f t ) .............. (49)
F o r  the u n re in fo rc e d  London C la y 0  = 1 9 .8 ° g iv in g  Kp = 2 .0 2 . A ga in  c o n s id e rin g  
the re s u lts  fo r  the f i r s t  sh ea rin g  stage of the re in fo rc e d  sam ple, Tab le  7 ,ACu=-10kN/m  
S u b s titu tio n  of th is  va lue  in to  equation (49) g ives -w ig .b kN /m ^ . T h is
value, is  in  c lose  agreem ent w ith  the observed  va lue  of -21 kN /m  . The end re s u lt  
o f th is  re d u c tio n  in  e ffe c tiv e  co n fin in g  p re s s u re  can be deduced fro m  F ig u re  24 w h ich  
shows the to ta l and e ffe c tiv e  s tre s s  c irc le s  fo r  the f i r s t  stages of both the 
re in fo rc e d  and c o n tro l sam ples. As can be seen the e ffe c tive  s tre s s  c ir c le  fo r
the re in fo rc e d  sample l ie s  to  the  le f t  o f tha t fo r  the c o n tro l sample w ith  fa i lu re
o c c u r r in g  at the same p r in c ip a l s tre s s  ra t io  in  both cases . W ith the  c ir c le s  p lo tte d  
in  te rm s o f to ta l s tre s s  i t  becomes im m ed ia te ly  apparent tha t the  d iffe re n c e  in  the  
d e v ia to r s tre sse s  at fa i lu re  re f le c ts  the obse rved  change in  undra ined  sh ea r 
s tre ng th
6 .3  A N A L Y S IS  OF T E S T  R E SU LTS  -  F A B R IC  R E IN F O R C E M E N T  
R eference  to  Tab les  8 and 9 shows tha t fa b r ic  re in fo rce m e n t c o n s is te n tly  g ives 
r is e  to  an in c re a se  in  com press ive  s tre n g th . In  the case o f the T e rra m  70 th is  
in c re a se  is  m in im al be ing  in  the range  2% to  10.%. A s lig h t ly  be tte r p e rfo rm ance  
was obta ined using  the T e rra m  280 w h ich  gave in c re a se s  ra n g in g  fro m  8% to  17%.
2
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The s u p e r io r  perfo rm ance  of the T e rra m  280 is  a ttr ib u te d  in  p a r t ,  to  the 
g re a te r  s tiffn e ss  o f the m a te r ia l,  Tab le  6 . The p o rew a te r p re s s u re s  at fa i lu re  
a re  g e n e ra lly  s lig h t ly  h ig h e r than those fo r  the u n re in fo rce d  sam ple. T h is  
d iffe re n ce  is  most pronounced in  the la s t shear stage of the T e rra m  280 sample 
w here  the p o re w a te r p re s s u re  is  some 20%-la rg e r than that in  the c o n tro l.  These 
h ig h e r p o re w a te r p re s s u re s  a re  not re fle c te d  in  the pore  p re s s u re  p a ram e te r A 
the va lues o f w h ich  a re  v e ry  s im ila r  in  both re in fo rc e d  and u n re in fo rc e d  sam ples.
S im ila r ,  but much m ore w e ll d e fin e d , c h a ra c te r is t ic s  emerge fro m  the P o ly fe lt  
re in fo rc e d  sam ples. Q uite  su bs ta n tia l d iffe re n ce s  w ere  found in  the s tre n g th  
ra t io s  fo r  the two sam ples. T h is  a lm ost c e r ta in ly  re f le c ts  the non-hom ogeneity 
and v a r ia b i l i t y  o f the re in fo rc e m e n t. S ince the m ore enhanced pe rfo rm ance  was 
ach ieved using the fe lt  re in fo rce m e n t i t  was decided to  r e s t r ic t  the  in v e s tig a tio n  
of the p re v a il in g  fa i lu re  mechanism to  those samples a lone . As a f i i s t  stage in  the 
in v e s tig a tio n  the "a s  m easured" fa i lu re  s tre sses  w ere p lo tted  in  the fo rm .o f a 
p ' -  q ' d ia g ra m , F ig u re  25, to g e th e r w ith  those of the c o n tro l sam ples. Tw o 
d is tin c tly  d if fe re n t fa i lu re  envelopes w e re  de fined . As expected the  c o n tro l 
sample gave a se ns ib ly  l in e a r  envelope w ith  c ' = 0 ,  0 = 2 0 .5 ° .  The fa i lu re  
envelope fo r  the re in fo rc e d  samples was approxim ate ly l in e a r  fo r  norm a l s tre s s  
le v e ls  up to  100 kN /m ^ w ith  c ' = 0 , and an enhanced 0= 3 5 .1 ° . A t h ig h e r no rm a l 
s tre ss  le v e ls  the apparent 0 decreased to  app rox im a te ly  2 5 ° . T h is  fa i lu re  
envelope appears to  be ty p ic a l o f re in fo rc e d  samples fa ilin g  in  bond, Hausmann 
(1976). C om parison o f ty p ic a l s tre s s  paths fo r  the c o n tro l samples and the  f i r s t  
re in fo rc e d  sample m e re ly  em phasises the fa c t tha t the re in fo rc e d  sample fa ile d  
at h ig h e r p r in c ip a l s tre s s  ra t io s ,  ‘F ig u re  26.
To p robe  the fa i lu re  mechanism m ore deep ly i t  is  necessary  to  lo o k  beyond the 
"a s  m easured" com posite b eh a v io u r id  the re in fo rc e d  s o il and c o n s id e r the 
e ffec ts  o f the re in fo rce m e n t on the s o il a lone . In  th is  case w h e th e r the  s o il is  
re in fo rc e d  o r  not i t  would be expected to  fa i l  at the same maximum p r in c ip a l s tre s s  
ra t io .  I t  should be stated at th is  ju n c tu re  tha t fo r  both the London C la y  and b o u ld e r 
c la y  c o n tro l samples maximum p r in c ip a l s tre s s  ra t io  and maximum d e v ia to r  s tre s s  
o c c u rre d  at co in c ide n t a x ia l s t ra in s .  W orking on the p rem ise  o f a unique p r in c ip a l 
s tre ss  ra t io  at fa i lu re  in sp e c tio n  o f F ig u re  27 re ve a ls  a g la r in g  p a ra d o x , 
namely tha t the re in fo rc e d  sample has fa ile d  at a lo w e r e ffe c tiv e  c o n fin in g  p re s s u re  
than the c o n tro l sample ye t at a h ig h e r d e v ia to r s tre s s . T h is  paradox is  
compounded when c o n s id e ra tio n  is  g iven to  th e .fa ilu re  mechanism o p e ra tin g  in  
the fo i l  re in fo rc e d  sample w here  a negative  Acr^1 is  lo g ic a lly  assoc ia ted  w ith  a 
decrease in  com pres isve  s tre n g th . F o r  the fe lt  re in fo rc e d  sample to fail, at the
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a p p ro p ria te  s tre s s  ra t io  i t  would b e necessa ry  fo r  an in c re ase  in  e ffe c tiv e
co n fin in g  p re s s u re  to  o c c u r , under undra ined  cond itions  in  an env ironm ent in
which shear s tre sse s  induced by the re in fo rce m e n t are  known to g ive  r is e  to  a net
decrease in  e ffe c tiv e  co n fin in g  p re s s u re . On the basis o f the observed  p o s itiv e
va lues o f AC^ i t  is  c e r ta in  tha t a p o s itiv e  va lue  o f A c^m u s t have been gene ra ted .
Using data from  the th ird  shear stage o f the  f i r s t  re in fo rc e d  sample and the mean
undra ined  shear s tre ng th  fro m  the th re e  c o n tro l samples a va lue o f AC^
of 28 .7  k N /m 2 is  ob ta ined . When th is  va lue  is  substitu ted  in to  equation (49) the n ,
fo r  the observed  va lue  o f 0 = 2 0 .5 ° ,  a va lue  o f Acr ’ of 53 -3  kN /m  re s u lts .
3
R e ve rtin g  now to  the "a s  m easured" beh a v io u r i t  is  known tha t the a d d itio n  of 
re in fo rce m e n t causes an "a s  m easured" decrease  in  a ^ 1, i . e .  a nega tive  va lue  
o f A cj^ 1. The m agnitude o f th is  A ^ 1 is  s im p ly  the d iffe re n ce  in  the m easured 
va lues of the p o re w a te r p re s s u re s  at fa i lu re  in  the c o n tro l and re in fo rc e d  sam ples. 
Aga in  ta k in g  average  va lues fo r  the c o n tro l samples the  mean v la u e  of 
fo r  the  th ird  stage o f the  f i r s t  re in fo rc e d  sample is  g iven by equation  (50) 
w here the s u b s c r ip t m denotes "a s  m e a su red ".
( A o ' ) m  = (9 1 -1 2 4 ) = -3 3 .  OkN/m2  (50)
S ince th is  negative  va lue of(Acr^»)n is  no th ing  m ore than a re f le c t io n  o f the
excess p o s itiv e  p o re w a te r p re s s u re  genera ted  by the re in fo rce m e n t,A u  i t
r
fo llo w s  tha t fo r  such a p o re w a te r p re s s u re  to  c o -e x is t w ith  a t ru e  p o s it iv e  in c re a s e
in  co n fin in g  p re s s u re  th e re  must be a to ta l s tre s s  increm ent Acr_ de fined  by
3
equation (51) w here  the s u b s c r ip t t 'deno tes  " t r u e " .
3 Aa3 = ( A c y ) t  -  (A c y )m  . t . . . . .  .(51a)
OR
= ( A c y ) + Aur   (51b)
A b e tte r  a p p re c ia tio n  o f the  s ig n ific a n c e  of these components may be had by 
re fe re n c e  to  F ig u re  28.
The mechanism c o n tro ll in g  these a pp a re n tly  c o n flic t in g  re q u irem en ts  evo lves when 
the po re  p re s s u re  equation is  app lied  to  eva luate  the pore  p re s s u re  p a ra m e te r A , 
fo r  the re in fo rc e d  s o il com pos ite , tha t would be cons is ten t w ith  the  s ta ted  
re q u ire m e n ts . Rem em bering tha t the  in c re a se  in  p o re w a te r p re s s u re  due to
167
sh ea rin g  is  m odelled as (Au -A iO - ,  i t  fo llo w s  that is  defined by equation(52)
A = (Au -  Au ) /  ( t f - i- c O   (52)c r  l  3
2
Once m ore ta k in g  data fo r  the th ird  stage o f the re in fo rc e d  sam p le ,A u  = 124kN/m 
(o ^ -a  )=175kN /n i^Tab le  9 , and Au, = 33 kN/ra^, equations (50) and (51). 
S u b s titu tio n  o f these va lues in to  equation (52) leads to  an A va lue  o f 0 .5 2 . T h is  
is  c o n s id e ra b ly  le ss  than the A va lue fo r  the s o il o f 0 .7 7 . Thus i t  is  postu la ted  
tha t fo r  th e re  to  be an im provem ent in  the com press ive  s tre ng th  o f a fu l ly  
sa tu ra te d  s o il sheared at constant volume the re in fo rce m e n t must have a much 
lo w e r po re  p re s s u re  param ete r A f  such tha t A ^ <  A ^<  A . In  th is  case the 
re in fo rce m e n t w ou ld  re lie v e  the h igh  p o re w a te r p re ssu re s  set up in  the s o il d u r in g  
sh e a rin g . S ince shea ring  and the developm ent o f Acj^ o c c u r c o n c u rre n tly  th is  
mechanism would a lso  account fo r  the fac t tha t Aur <Aa^.
To in v e s tig a te  the p o s s ib il ity  o f th is  mechanism a s e r ie s  o f te s ts  was c a r r ie d  out 
to  m easure the A ^  va lue  o f the  P o ly fe lt .  T h is  was achieved by p re p a r in g  th re e  
38mm d ia m e te r samples of c la y  app ro x im a te ly  10mm h igh to  g ive  the same aspect 
ra t io  used in  the e a r l ie r  te s ts .  Each sample of c la y  was then cut in  tw o to  g ive  
d iscs  o f c la y  app ro x im a te ly  5mm h ig h . A h o le , 14mm in  d ia m e te r, was cu t in  
the c e n tre  o f one c la y  d isc  from  each p a ir .  T h is  p e rfo ra te d  c la y  d isc  was set 
on the t r ia x ia l  c e ll pedesta l w ith  a porous lu b r ic a te d  end p la tte n  as shown in  
F ig u re  29 . Thehole  in  the ce n tre  o f the lo w e r c la y  d isc  was then f i l le d  w i th  a 
v e ry  u n ifo rm  sand, d^Q = 425li.m, w h ich  had p re v io u s ly  been b o ile d  to  rem ove the  
m a jo r ity  o f the trapped  a i r .  T h is ‘a rrangem ent was then co ve red  w ith  a d isc  
o f P o ly fe lt  w h ich  in  tu rn  was capped w ith  the  rem a in ing  so lid  c la y  d isc  and f in a l ly  
a lu b r ic a te d  top cap .
T h ree  samples w ere  set up in  th is  manner and sa tu ra ted  aga inst a back p re s s u re . 
Once sa tu ra te d  th e  set of th re e  samples was conso lida ted  at c e ll p re s s u re s  o f 
50, 100 and 200 kN /m  . The samples w ere  then sheared ra p id ly  at a ra te  o f s tra in  
o f 2% /m inu te . I t  was considered tha t at th is  ra te  of s tra in  o n ly  the p o re w a te r 
p re s s u re  genera ted  in  the P o ly fe lt  would be re c o rd e d . The fe lt  was found to  be 
h ig h ly  d ila ta n t g iv in g  A ^ va lues at fa i lu re  in  the range 0.16 to  0 .3 6 . I t  is  
beyond the scope o f th is  study to  de fine  an exact re la t io n s h ip  between the  v a r io u s  
A v a lu e s , h o w e ve r, as a v e ry  c rude  app rox im a tion  i t  m ight be assumed tha t i f  the 
mean o f separa te  s o il and re in fo rce m e n t A va lues a re  le ss  than , o r  equal to ,  the 
m easured com posite  va lue  evaluated from  equaticn(52) the proposed mechanism
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is  v a lid .  Table  10 shows the va lues o f A fo r  the  th re e  stages of the f i r s t  fe lt  
re in fo rc e d  sample tog e the r w ith  va lues of A , A ^  and \  (A+A^). As can be seen 
the proposed mechanism is  p roven  in  as much as ^ (A + A ^ )4 -A ^ .
T A B LE  10. A N A L Y S IS  OF R ESU LTS  P O LY FE LT R E IN F O R C E D  SAMPLE N o . l
SHEAR STAGE A A
r
? (a+a )
r
A
c
1 0.80 0.36 0.58 0.66
2 0.68 0.16 0.42 0.51
3 0.77 0.28 -0.52 0.52
6 .4  SUMMARY OF T E S T  D A T A  A N A LY S E S
T est re s u lts  fo r  c la y  re in fo rc e d  w ith  alum inium  fo i l  d iscs  and sheared under 
co nd itio n s  o f no d ra inage  showed tha t the re in fo rce m e n t caused an average 
re d u c tio n  in  com press ive  s tre ng th  o f 28%. The mechanism o f th is  s tre n g th  
decrease in vo lve s  the in d u c tio n , by the re in fo rc e m e n t, o f a n o n -u n ifo rm  in c re a s e  
in  to ta l co n fin in g  p re s s u re  . H igh  va lues of o ccu r n ea r the ce n tre  o f the  
sample and g ive  r is e  to  co rre s p o n d in g ly  h igh  p o re w a te r p re s s u re s . These h igh  
p o re w a te r p re ssu re s  a re  tra n sm itte d  ra d ia l ly  caus ing  a net decreaseT n  e ffe c tiv e  
co n fin in g  p re s s u re  lead ing  to  p rem a tu re  fa i lu re .
F o r  c la y  samples re in fo rc e d  w ith  fa b r ic  a co ns is te n t in c re a se  in  com press ive  
s tre n g th  was o bse rve d . T h is  in c re a se  was most m arked when fe lt  re in fo rc e m e n t 
' was used . The mechanism of th is  in c re a s e  in  s tre ng th  again in v o lv e s  an in c re a s e  
in  to ta l co n fin in g  p re ssu re  induced by the  re in fo rc e m e n t. With fa b r ic  re in fo rce m e n t 
the h igh p o re w a te r p re ssu re s  assoc ia ted  w ith  AO^ a re  p a r t ly  re lie v e d  by d ila ta n c y  
in  the re in fo rc e m e n t. T h is  leads to  an in c re a se  in  e ffe c tive  co n fin in g  p re s s u re  
w h ich  enhances-the s treng th  o f the ’ sample.V*
7 .0  P H ASE TH R E E  -  U N D R A IN E D  T E S T S  ON P A R T IA L L Y  S A T U R A T E D  SAM PLES
Phase tw o  te s tin g  dem onstrated tha t i t  is  p oss ib le  to  achieve an in c re a s e  in  s tre n g th  
by adding re in fo rce m e n t to  a sample sheared at constant vo lum e. H o w e ve r, the 
samples tha t d id  show an in c re a se  in  s tre n g th  w e re  sheared at a ra te  co n s is te n t w ith
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com plete p o re w a te r p re s s u re  e q u a lis a tio n . S uch  load ing  ra te s  a re  u n lik e ly  
to  p re v a il d u rin g  co n s tru c tio n  of a re in fo rc e d  c la y  s tru c tu re , thus under 
co nd itions  of ra p id  undra ined  load ing  the re in fo rcem ent could  invoke a re d u c tio n  
in  s tre ng th  as observed  in  the phase one te s tin g  program m e.
U n like  the samples p re v io u s ly  tes ted  the c la y  f i l l  used fo r  c o n s tru c tio n  would 
a lm ost c e r ta in ly  be on ly  p a r t ia l ly  s a tu ra te d . Even fo r  qu ite  heavy c la ys  
the degree o f s a tu ra tio n  is  l ik e ly  to  v a ry  between 80% and 90% fo r  com paction 
to  10% and 5% a ir  vo ids  re s p e c tiv e ly . To  in ve s tig a te  the e ffe c ts  o f p a r t ia l 
sa tu ra tio n  fo u r s e r ie s  of unconso lida ted -und ra ined  t r ia x ia l  te s ts  w e re  c a r r ie d  
out on 76mm x 38mm d iam ete r m u lt i- re in fo rc e d  samples w ith  v a ry in g  degrees o f 
s a tu ra tio n .
7.1 T E S T S  AND T E S T  R ESU LTS
F o u r s e rie s  of unconso lida ted -und ra ined  t r ia x ia l  te s ts  w ere  c a r r ie d  out-on
76mm x 38mm d iam ete r m u lt i- re in fo rc e d  sampels o f K ao lin  c la y  w ith  degrees of
s a tu ra tio n  in  the range 80% to  100%. A pp lie d  c e ll p re ssu re s  w ere  in  the  range 
2 2100 kN /m  to  800 kN /m  . In  the f i r s t  s e rie s  o f tes ts  s ix  samples w ere  re in fo rc e d  
w ith  38mm d iam ete r d iscs  o f 0.02mm th ic k  alum inium  at nom inal 6.3mm v e r t ic a l 
c e n tre s . F o r  the second se rie s , a fu r th e r  s ix  samples w ere  tes ted  w ith  fo i l  at 
nom inal 12.7mm v e r t ic a l c e n tre s . To  study the e ffec ts  o f re la t iv e  s o i l- r e in fo r c e -  
ment s tiffn e s s  the th ird  and .fou rth  s e rie s  o f tes ts  in vo lved  samples re in fo rc e d  
w ith  38mm d iam ete r d iscs  o f 0.8mm th ic k  m ild  s te e l. S ix  samples w ere  re in fo rc e d  
w ith  d iscs  at 6.3mm v e r t ic a l ce n tre s  and seven w ith  d iscs  at 12.7mm c e n tre s .
A l l  o f the 38mm d iam ete r samples w ere  p re p a re d  in  the  same m anner. F ir s t  a 
102mm x 102mm sample was form ed using a h y d ra u lic  p ress  to  produce  a sample 
o f a g iven th e o re tic a l degree o f s a tu ra tio n . T h is  sample was w rapped in  
a lum inium  fo i l  sealed w ith  wax and a llow ed  to  stand fo r  ten days. A t the  end o f 
th is  p e r io d  th re e  38mm d iam ete r samples w ere  ex truded  fro m  each 102mm d ia m e te r 
sam ple. Tw o o f these samples w ere  tes te d  in  the norm a l m anner to  de fine  the 
und ra ined  shear s tre n g th  o f the u n re in fo rc e d  s o i l .  The th ird  sample was 
re in fo rc e d  and sheared , at a ra te  o f 2 % /m in ., at the  same c e ll p re s s u re  as the 
p re v io u s  two sam ples. The m o is tu re  content and subsequently the  degree o f 
s a tu ra tio n  of each sample was dete rm ined  by d ry in g  out the whole sam ple. I f  
the re s u lt in g  degrees of sa tu ra tio n  d id  not a ll  agree to  w ith in  one p e rcen t the 
whole batch was re je c te d . The re s u lts  fo r  the fo u r s e rie s  o f te s ts  a re  
sum m arised in  Tables 11 and 12.
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As an a n c i l la ry  fo u r  76mm x 38mm d iam ete r samples of K ao lin  c la y  w ith  degrees of 
sa tu ra tio n  in  the range  86% to  98% w ere  tes ted  in  the norm al m anner to  de te rm ine  
the pore  p re s s u re  param eter B and its  v a r ia t io n  w ith  app lied  c e ll p re s s u re . The 
re s u lts  o f these te s ts  a re  g iven in  F ig u re s  30 to  32.
7 .2  A N A L Y S IS  OF T E S T  R E S U L T S .
The re s u lts  , p lo tte d  in  the fo rm  of s tre ng th  ra t io  against degree o f s a tu ra t io n , a re  
shown in  F ig u re s  33 to  36. A l l  fo u r  s e rie s  showed a w e ll de fined l in e a r  
re la tio n s h ip  between s tre ng th  ra t io  and degree o f sa tu ra tio n  w h ich  is  a p p a re n tly  
independent o f c e ll p re s s u re . T h is  is  not s u rp r is in g  when co n s id e re d  in  te rm s  of 
d ra ined  a na lys is  *since equation (26) c le a r ly  shows s treng th  ra t io  to  be a fun c tio n  
of aspect r a t io ,  tan 6 f and Ka o n ly . What is  s u rp r is in g  is  tha t the h ig h e r app lied  
c e ll p re s s u re s  w ere  not assoc ia ted  w ith  lo w e r s treng th  ra t io s .  T h is  would have 
been expected s in c e , fo r  a g iven  degree o f s a tu ra tio n , a h ig h e r c e ll p re s s u re  would 
be assoc ia ted  w ith  a h ig h e r B v a lu e , F ig u re  21. When such a sample is  sheared  the 
a d d itio n a l to ta l s tre s s  assoc ia ted  w ith  the re in fo rcem e n t w ould  genera te  h igh
p o re w a te r p re s s u re s  caus ing  a decrease  in  e ffe c tive  s tre ss  le v e ls  u lt im a te ly  
lead ing  to  p rem a tu re  fa i lu r e .  The re s u lts  fo r  the alum inium  fo i l  re in fo rc e d  samples 
seemed somewhat anomalous in  as fa r  as ha lv ing  the re in fo rce m e n t spacing to  6.3mm 
re s u lte d  in  on ly  a m a rg in a l in c re a s e  in  s tre ng th  ra t io .  T h is  was not so m arked 
in  the s tee l re in fo rc e d  samples where h a lv ing  the re in fo rcem e n t spacing  caused a 50% 
in c re a se  in  s tre n g th  ra t io .  U s ing  a va lue  o f tan& ,< ta n  &*, de te rm ined  from  a n c i l la ry  
shear box te s ts  the samples re in fo rc e d  w ith  s tee l d iscs  w ere  found to  have maximum 
s tre ng th  ra t io s  o f 3.52  and 1 .7 2 , based on d ra ine d  a n a ly s is , fo r  re in fo rc e m e n t 
spacings o f 6.3mm and 12.7mm re s p e c t iv e ly .  E x tra p o la tio n  o f the te s t re s u lts  
in d ica te  tha t these th e o re tic a l s tre n g th  ra t io s  would have been obta ined  at degrees 
of sa tu ra tio n  o f a pp ro x im a te ly  75% and 80% re s p e c tiv e ly . One co ns is te n cy  in  a l l  
fo u r  s e r ie s  is  tha t ra p id  und ra ined  shea r o f a sa tu ra ted  re in fo rc e d  sample is  
assoc ia ted  w ith  a s tre n g th  re d u c tio n  of a pp rox im a te ly  50%.
8 .0  P H A SE  FOUR -  D R A IN E D  AND U N D R A IN E D  T E S T S  ON U N IT  CELL SAM PLES
The aim o f phase fo u r  te s tin g  was to  p ro v id e  h igh q u a lity  tes t data on both s tre n g th  
and de fo rm a tion  c h a ra c te r is t ic s .  To in ve s tig a te  the bas ic  assum ptions made in  
the fo re g o in g  th e o ry  a ll o f the samples w ere  im p lanted w ith  sm a ll d ia m e te r lead  shot 
so tha t ro ta t io n  of p r in c ip a l s tre sse s  and re la t iv e  s o il- re in fo rc e m e n t movement 
cou ld  be de te rm ined  us ing  ra d io g ra p h ic  techn iques . In  an e ffo r t  to  ensu re  
com plete u n ifo rm ity  and c o m p a tib ility  between the s o il samples tes te d  in  any one
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se rie s  it was decided to  tes t s ing le  re in fo rc e d  un it samples rang ing  in 1 he igh t from  
10mm to 40mm ra th e r  than th e m u lti-u n it samples p re v io u s ly  em ployed. U sing th is  
approach i t  was p oss ib le  to  form  a ll the samples fo r  one tes t s e r ie s  from  a s ing le  
la rg e r  sample conso lida ted  from  a s lu r r y .
8.1 T E S T S  AND T E S T  D A T A .
Two s e r ie s  o f te s ts  w e re  c a r r ie d  out on K ao lin  c la y  re in fo rc e d  w ith  porous d is c s .
Both s e r ie s  w e re  c a r r ie d  out on 102mm d iam ete r samples w ith  he igh ts  in  the range
10mm to 40mm. The Kaolin samples w ere  cut from  a s ing le  300mm x 150mm d iam ete r
sample w h ich  had been conso lida ted  fro m  a s lu r r y  under K q co nd itio n s  w ith  a
v e r t ic a l s tre s s  of 60 kN /m ^  and f in a l is o tro p ic  co nso lid a tion  unde r an a l l  round
2
p re s s u re  of 240 kN /m  . Each sample was tes ted  as a s ing le  c e l l  o f c la y  bounded 
by a 102mm d iam ete r porous re in fo rc in g  d isc  top and bottom . F o r  these p a r t ic u la r  
tes ts  the re in fo rc in g  d iscs  w ere  form ed to  have one rough side and one v e ry  smooth 
s id e . In  p re v io u s  m u lt i- re in fo rc e d  samples th is  rough f in is h  was p re sen t on both 
sides of the d is c . These spec ia l d iscs  w ere  mounted rough side  to  the c la y  sam ple. 
The exposed su rface  of the top re in fo rcem e n t was covered  w ith  th re e  la te x  ru b b e r 
d is c s , 102mm in  d ia m e te r, w h ich  had been l ig h t ly  lu b r ic a te d  on both s ides w ith  h igh  
p re s s u re  s ilic o n e  g re a se . The same d e ta il app lied  to  the bottom re in fo rc in g  
d isc  save tha t the ru b b e r d iscs  w ere  p ro v ide d  w ith  a c e n tra l 38mm d ia m e te r hole to  
pe rm it d ra inage  o r  m easurement o f p o re w a te r p re s s u re  v ia  the  conven tiona l porous 
stone mounted on the ped e s ta l. E a r l ie r  shear box tes ts  on the lu b ric a te d  th re e  
la y e r ru b b e r system in d ica te d  a c o e ff ic ie n t o f f r ic t io n  o f 0 .0 3  w h ich  was co n s id e re d  
low  enough to  assume fre e  end c o n d itio n s . The reason  fo r  us ing  lu b r ic a te d  end 
p la ttens  becomes eviden t when the sense of the re in fo rce m e n t bond s tre s s  is  
c o n s id e re d . S ince  the re in fo rce m e n t enhances confinem ent the  bond s tre s s  must 
act ra d ia l ly  in w a rd s  tow ards  the ce n tre  o f the  sample and on both s ides o f the 
re in fo rc e m e n t. When due re g a rd  is  taken o f sign convention  i t  is  found tha t a lthough 
the bond stresses act in  the  same d ire c t io n  they a re  in  fa c t o f oppos ite  s ig n . As 
a c o ro l la ry  to  th is  i t  fo llo w s  tha t th e re  must be a p lane o f ze ro  shea r s tre s s  w ith in  
the th ickne ss  o f the  re in fo rc e m e n t.
Once mounted the samples w ere  sa tu ra ted  aga inst back p re s s u re  and subsequently
2re co nso lid a te d  under an a ll round p re ssu re  of 250 kN /m  . In  the  f i r s t  s e r ie s  o f 
tests ’T.our samples w ere  sheared fu l ly  d ra in e d . In  the second s e r ie s  fo u r  samples 
w ere  sheared u nd ra in ed . One a n c il la ry  co n so lid a ted -u n d ra in e d  te s t w ith  p o re w a te r 
p re s s u re  m easurem ent was c a r r ie d  out on a 25mm x 102mm d iam e te r sample o f the  
porous p la s tic  re in fo rc in g  m a te r ia l. On com ple tion  o f the tes ts  the secant modulus
V h
was dete rm ined  fo r  each sample at one th ird  fa i lu re  s tre s s . These de fo rm a tion  
m oduli w e re  no rm a lised  using the a p p ro p ria te  secant modulus from  e a r l ie r  
d e rive d  re s u lts  fo r  the u n re in fo rc e d  c la y . The re s u lts  fo r  the tw o s e rie s  of 
te s ts  a re  sum m arised in  Tab les 13 and 14 where the s tre ng th  ra t io  was eva luated 
using the e a r l ie r  d e rive d  C / p 1 va lue of 0 .353  fo r  the  c la y  a lone .
TA B LE  13. R E S U LTS  OF D R A IN E D  T R IA X IA L  T E S T S
NO. OF DISCS DEVIATOR STRESS 
kN/m
STRENGTH RATIO SAMPLE HEIGHT 
mm
h
d
2 800.5 1.75 40 0.394
2 1110.8 2.27 30 0.295
2 2043.5 3.83 20 0.197
2 3474.1 6.21 15 0.148
TA B LE  14. R E S U LTS  OF U N D R A IN E D  T R IA X IA L  T E S T S
NO. OF DISCS DEVIATOR STRESS 
kN/m^
STRENGTH RATIO SAMPLE HEIGHT: 
mm
h
"d
2 277.6 1.57 40 0.394
2 351.9 1.99 30 0.295
2 464.5 2.63 20 0.197
2 1134.1 6.43 10 0.098
8 .2  A N A L Y S IS  OE T E S T  R ESU LTS
The re s u lts  fo r  the conso lida ted  d ra ined  te s ts , Tab le  13 a re  re p ro d u ce d  in  F ig u re  
37 as a p lo t o f s tre n g th  ra t io  aga inst aspect r a t io .  F o r  com parison  the re s u lts  
of the phase one d ra ine d  tes ts  a re  a lso  inc luded .. As can be seen th e re  is  good 
agreement between the te s t re s u lts  and the th e o re tic a l lin e  d e r iv e d  fro m  equation(46)
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f o r 0  = 2 4 .3 °  and the lim it in g  6 ! * va lue of 1 7 .8 ° . Remembering tha t phase 
one te s tin g  was conducted u s irg m u lt i- re in fo rc e d  samples w here  as phase fo u r 
employed s in g le  re in fo rc e d  c e lls  i t  fo llo w s  that the assum ption o f an in te rn a l plane 
of ze ro  shea r s tre s s  is  v a lid .
The re s u lts  fo r  the co n so lid a ted -u n d ra in e d  tes ts  w ith  p o re w a te r p re s s u re  
m easurem ent, Tab le  14, a re  g iven in  F ig u re  38 again as a p lo t o f s tre n g th  ra t io  
aga inst aspect r a t io .  The th e o re tic a l lin e  fro m  equation (46) is  shown to g e th e r 
w ith  tha t fro m  equation  (42) w h ich  assumes d ra inage  at the s o il- re in fo rc e m e n t 
boundary o n ly . As can be seen the te s t re s u lts  l ie  v e ry  c lo se  to  the  th e o re tic a l 
lin e  fo r  fu l l  d ra in a g e . T h is  a pp a re n tly  odd re s u lt  is  accounted fo r  by the fac t tha t 
the p o ro u s  re in fo rc e m e n t exh ib ited  a m easured p o re p re s s u re  p a ram ete r A r  in  the 
range 0 .0 4  to  0 .0 9 . Remembering tha t the sample was sheared at a ra te  co ns is te n t 
w ith  p o re w a te r p re s s u re  e qu a lisa tion  these lo w  va lues o f A ^ im p ly  tha t 91% to  96% 
of the  app lied  to ta l s tre s s  was m anifested in s id e  the sample as e ffe c tiv e  s tre s s .  
Hence the sample behaves as though i t  w ere  sheared fu l ly  d ra in e d .
A n a lys is  o f the  secant de fo rm ation  m oduli a re  rep roduced  in  F ig u re  39- The 
co n so lid a te d -d ra in e d  te s ts  'shewed-deformation modulus in c re a s in g  e xp o n e n tia lly  
w ith  d ec rea s in g  aspect r a t io .  T h is  tre n d  is  v e ry  s im ila r  to  tha t fo r  u n it c e l l  tests 
on re in fo rc e d  sand re p o rte d  by Yang ( lo c .c i t ) .  S ince d ra ine d  de fo rm a tion  m odulus 
is ,am ongst o th e r th in g s , a fun c tio n  of e ffe c tiv e  co n fin in g  p re s s u re  these enhanced 
va lues fo llo w  d ire c t ly  fro m  equation (21). T o ta lly  in e x p lic a b le  re s u lts  w ere  
obta ined fo r  n o rm a lise d  defo rm ation  m oduli de te rm ined  from  the  conso lid a ted  
undra ined  te s ts .  As can be seen from  F ig u re  39 the undra ined  n o rm a lise d  
modulus decreases w ith  decreas ing  aspect r a t io .  S ince the  c o rre sp o n d in g  s tre n g th  
ra t io s  in c re a s e d  w ith  decreas ing  aspect ra t io  th is  behav iou r cannot be accounted 
fo r  by a decrease  in  e ffe c tiv e  co n fin in g  p re s s u re . R ad iog raph ic  in v e s tig a tio n s  
showed th a t the  re la t iv e  movement at the  s o il re in fo rcm e e n t in te r fa c e  was sm a ll 
thus the p o s s ib il i ty  o f ra d ia l s lip  is  ru le d  o u t. Che p oss ib le  e xp la in a tio n  is  th a t 
the re in fo rc in g  d iscs  w ere  in i t ia l ly  bowed and subsequently  f la tte n ed  on lo a d in g . 
A ga in  th is  exp lana tion  is  u n lik e ly  s ince th e re  was no su ppo rting  evidence from  the 
ra d io g ra p h s  n o r w ere  any o th e r samples s im i la r ly  a ffe c te d . T h is  m a n ifes ta tion  
o bv iou s ly  re q u ire s  fu r th e r  in v e s tig a tio n .
8 .3  R A D IO G R A P H IC  IN V E S T IG A T IO N .
To p ro v id e  q u a n titive  data on re la t iv e  s o il re in fo rc e m e n t movement and ro ta t io n  o f 
p r in ic p a l s tre s s e s  the s tra in  behav iou r o f the phase fo u r  samples was in v e s tig a te d
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using ra d io g ra p h ic  techniques based orc.those described  by jam es (1973). T y p ic a l 
re s u lts  fo r  the absolu te  movements o f the c la y  and re in fo rcem e n t at the s o i l-
re in fo rce m e n t in te r fa c e  are  shown in  F ig u re  40 toge the r w ith  a p lo t o f re la t iv e
s o il- re in fo rc e m e n t movement d e r ive d  fro m  the m easured absolu te  movements.
As can be seen the ou tw ard  ra d ia l movement, e. , shows a p a ra b o lic  in c re a se  w ith  
ra d iu s  r .  I t  fo llo w s  that the re la t iv e  ra d ia l s tra in  can be m odelled by an 
e xp ress io n  such as tha t g iven in  equation (53)
Sr  = a r2 + b r ........................................................................................ (53)
S im ila r ly  co n so lid a te d -d ra in e d  shea r box te s ts  cn.the x la y -re in fo rc e m e n t in te r fa c e  
in d ica te d  tha t the m ob ilised  tan 6 v a r ie d  w ith  s tra in  a cco rd in g  to  the re la t io n s h ip  
defined in  equation (54)
£ = c (tan6 )2 , + 'clQan 6) , ................. (54)mob mob
C om parison of equations (53) and (54) shows tha t th e re  is  an equ iva lence  when 
(tanb  )mok is  assumed p ro p o rt io n a l to  the ra d iu s  r .
Based on the assum ption tha t p r in c ip a l s tre s s  d ire c tio n s  co inc ide  w ith  p r in c ip a l 
s tra in  d ire c tio n s  the ra d io g ra p h ic  s tra in  data was used to  g ive  in fo rm a tio n  on the 
ro ta tio n  o f the m a jo r p r in c ip a l s tre s s  from  the v e r t ic a l.  P r io r  to  th is  h ow eve r, 
a s im ple th e o re tic a l ana lys is  was c a r r ie d  o u t. R eference to  F ig u re  41 shows a
M ohr c ir c le  re p re s e n tin g  a v e r t ic a l s tre s s  and a shear s tre s s  x a c ting  on a
h o r iz o n ta l p lane . C o n s tru c tio n  o f the  pole po in t P^ in d ica te s  tha t the m a jo r 
p r in c ip a l s tre s s  acts on a plane in c lin e d  at p> to  the h o r iz o n ta l.  As the  m agnitude 
of the shea r s tre s s  in c re a se s  so does the-magnitude of p .  I t  fo llo w s  fro m  the 
geom etry o f Ihe  M ohr c ir c le  tha t fh can be expressed  by equation (55)
s in  2/3 = ' 2 t / ( ® - « 3) ..................(55)
P u ttin g  ?=& * (tan^ mob and rem em bering  tha t the m ob ilised  tan b  is  p ro p o r t io n a l to
the d im ension less ra d iu s  r /R  leads to  equation (56)
2 rtan6  V  ................
s i n 2 P  = R d ^ K a y V
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The ra t io  appearing  in  equation (56) may be rep laced  by the e a r l ie r
d e rive d  e xp ress io n  given in  equation (27 ). F o r  b re v ity  th is  e xp ress ion  is  
denoted by X
* ^ n 2tan6 ✓ \s in 2 ^  = ...........   (57)
X R (l-K a )
F ig u re  42 shows the th e o re tic a l ro ta tio n s  obtained from  equation (57) fo r  0=2**.3° 
assum ing both the peak and lim it in g  va lues of 6 o f 2 0 .5 °  and 1 7 .8 ° re s p e c tiv e ly .
The te s t data fo r  a ty p ic a l.c o n s o lid a te d -d ra in e d  te s t is  a lso  shown fo r  com parison  
A lthough  th e re  is  co ns ide ra b le  s c a tte r in  the te s t data th e re  is  a c le a r  tre n d  of 
ro ta tio n  d ecreas ing  fro m  a maximum at r /R  = 1 to  a n ea r ze ro  va lue  at r /R  = 0 .
9 .0  C O N C LU SIO N S
I f  no th ing  e lse  th is  study se rves to  i l lu s t ra te  tha t the in te ra c t io n  between s o il and 
re in fo rc e m e n t is  an e x trem e ly  com plex one e s p e c ia lly  when loa d in g  o ccu rs  at 
constant vo lum e. U nder d ra ined  load ing  the s tre n g th  b eh a v io u r o f re in fo rc e d  
samples is  m odelled to  a reasonab le  degree o f accu racy  by m od ified  fo rg in g  th e o ry  
One of the most s ig n if ic a n t m o d ifica tions  to  th is  th e o ry  conce rns  lim ita t io n  o f the 
s o il- re in fo rc e m e n t bond s tre s s  tha t ..can be tra n s m itte d  th rough  the sam p le  by 
com plem entary v e r t ic a l shear s tre s s . . The mechanism of d ra in e d  s tre n g th  
in c re a se  in v o lv e s  the g en e ra tion , by s o il- re in fo rc e m e n t bond, o f an enhanced 
co n fin in in g  p re s s u re  cr^1 + Acj^ * .
In  a ttem pting  to  ana lyse the behav iou r o f re in fo rc e d  c la y  sub jec t to  und ra ined  a x i-  
sym m etric  loa d in g  i t  is  im p e ra tive  tha t e ffe c tiv e  s tre s s  a n a lys is  be used . F o r  
sa tu ra ted  c la y  re in fo rc e d  w ih  a lum inium  fo i l  d is cs  and sheared unde r co n d itio n s  cf 
no d ra inage  th is  showed tha t the re in fo rce m e n t caused a re d u c tio n  in  com press ive  
s tre n g th . The m echanism  of th is  s tre n g th  decrease in vo lve d  the  in d u c tio n , by 
the re in fo rc e m e n t, o f a non -un ifo rm  increase  in  to ta l co n fin in g  p re s s u re  Acj^ . H igh  
va lues o f Acr^occur nea r th e  ce n tre  o f the sample and g ive  r is e  to  c o rre s p o n d in g ly  
h igh  p o re w a te r p re s s u re s . These h igh  p o re w a te r p re s s u re s  a re  tra n s m itte d  ra d ia l ly  
causing  a net decrease  in  e ffe c tive  co n fin in g  p re s s u re  lead ing  to  p re m a tu re  fa ilu re .
F o r  c la y  samples re in fo rc e d  w ith  fa b r ic  a co ns is te n t in c re a s e  in  co m press ive  
s treng th  was o bse rve d . T h is  in c re a se  was most m arked when fe lt  re in fo rc e m e n t
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was used. The mechanism of th is  in c re a se  in  s treng th  again in vo lve s  an' 
in c re ase  in  to ta l co n fin in g  p re ssu re  induced by the re in fo rc e m e n t. With fa b r ic  
re in fo rc e m e n t the high p o re w a te r p re ssu re s  associa ted wit'hAa a re  p a r tly  
re lie v e d  by "d ila ta n c y "  in  the re in fo rc e m e n t. T h is  leads to  an in c re a se  in  
e ffe c tiv e  co n fin in g  p re s s u re  A a ^ 1 w hich enhances the s tre ng th  o f the  sam ple.
As m ight be expected the undra ined  behav iou r is  ra d ic a l ly  a ffec ted  by the degree of 
sa tu ra tio n  o f the c la y . Test re s u lts  in d ica te d  tha t fo r  degrees o f s a tu ra tio n  above 
app ro x im a te ly  90% the .addition of so lid  non-porous re in fo rcem e n t causes a re d u c tio n  
in  s tre n g th  th is  be ingc f the  o rd e r  o f 50% fo r  fu l ly  sa tu ra ted  sam ples. F o r  le s s e r  
degrees o f s a tu ra tio n  the re  was a l in e a r  in c re a se  in  s tre ng th  w ith  s tre n g th  ra t io s  
equ iva len t to  those under d ra ined  load ing  app a re n tly  being obta inab le  .at a degree 
of s a tu ra tio n  o f app rox im a te ly  70%. I t  is  u n lik e ly  tha t such a lo w  degree of 
s a tu ra tio n  would be acceptab le  fo r  eng ineering  f i l l  s ince  th is  would be assoc ia ted  
w ith  e xcess ive  in te rn a l se ttle m e n t and poss ib le  in te rn a l c o lla p s e .
A lthough a x isym m e tric  s tre ss  cond itions  do not commonly p re v a il on s ite  they a re  
m ore re a d ily  m odelled in  the la b o ra to ry  us ing s tandard  tes t equ ipm ent. Id e a lly  
the w o rk  in  th is  study should be repeated  us ing  p la n e -s tra in  lo a d in g  to  see i f  
s im ila r  mechanisms p re v a il.  Such w o rk  would then need to  be extended to  
a c c u ra te ly  q ua n tify  the mechanism of both continuous and d iscon tinuous "d ila ta n t"  
s o il- re in fo rc e m e n t in te ra c tio n  under co nd itions  o f s low  and ra p id  undra ined  lo a d in g .
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CHAPTER.5
A P IL O T  STU D Y OF MODEL R E IN FO R C E D  CLAY W ALLS.
1 .0 IN T R O D U C T IO N
I t  has been dem onstra ted tha t re in fo rc e d  ea rth  re ta in in g  s tru c tu re s  can , in  many 
c ircu m s ta n ce s , be m ore econom ica l than th e ir  conven tiona l c o u n te rp a rts , S ch lo sse r 
(1976), Mamujee (1974). H ow ever such s tru c tu re s  a re  assoc ia ted  w ith  the use o f 
a re la t iv e ly  h igh  q u a lity  g ra n u la r  b a c k f il l con ta in ing  le s s  than 15% f in e r  than 80pm, 
Long (1977). The fa c t tha t a f i l l  o f such q ua lity  may not be econ o m ica lly  a va ila b le  
in  the U n ited  Kingdom is  re fle c te d  in  the DpT T e chn ica l Memorandum B E 3 /7 8  
w h ich  p e rm its  the use o f "c o h e s iv e - fr ic t io n a l"  f i l l  con ta in ing  up to  10% f in e r  than 
2pm. I t  cou ld  o b v io u s ly  be advantageous to  use f i l l  o f a much h ig h e r c la y  co n te n t.
To in ve s tig a te  th is  p o s s ib il ity  a s e rie s  o f model w a ll te s ts  has been c a r r ie d  out 
us ing  K a o lin  c la y .
2 .0  D E T E R M IN A T IO N  OF C LA Y -R E IN F O R C E M E N T  A D H E S IO N
D esign methods fo r  re in fo rc e d  e a rth  em ploying g ra n u la r f i l l  a re  w e ll e s ta b lish e d  
and docum ented, S c h lo sse r (1978). These m ethods, w h ich  a re  based on d ra ine d  
a n a ly s is , w ou ld  a lso  be app lica b le  to  the assessm ent o f the long  te rm  s ta b il i ty  o f 
re in fo rc e d  c la y .  In  the sh o rt te rm  h ow eve r i t  would be nece ssa ry  to  em ploy a 
to ta l s tre s s  a n a lys is  o r  an e ffe c tiv e  s tre ss  a na lys is  tak ing  due account o f p o re w a te r 
p re s s u re . The d if f ic u lt ie s  associa ted  w ith  m aking a ccu ra te  p re d ic tio n s  o f 
c o n s tru c tio n  p o re w a te r p re s s u re s  would alm ost c e r ta in ly  re n d e r the la t te r  approach 
in tra c ta b le  as a design  m ethod. Consequently co n s id e ra tio n s  a re  lim ite d  to  to ta l 
s tre ss  a n a ly s is .
The gove rn ing  c r i t e r ia  fo r  in te rn a l s ta b il i ty ,  fo r  both long and sh o rt te rm , re q u ire  
tha t the s o il re in fo rce m e n t should have adequate fa c to rs  o f sa fe ty  aga ins t te n s ile  
fra c tu re  and p u ll-o u t .  In  te rm s of to ta l s tre ss  the p u ll-o u t re s is ta n c e  w i l l  be a 
func tion  o f the a rea  o f re in fo rce m e n t embedded in  the re s tra in t  zone and the s o i l -  
re in fo rce m e n t adhesion w h ich  may be re la te d  to  the undra ined  sh ea r s tre n g th  o f the 
s o il by a  , an adhesion fa c to r .  T h is  fa c to r  has been in v e s tig a te d  us ing  th re e  
d if fe re n t te s t methods a ll em ploying K ao lin  c la y .-  To  m in im ise  e xp e rim e n ta l v a r ia b le s
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ch ina  c la y  G rade D pow der was used th roughou t the s tudy. The cons is tency  
of the c la y  was m on ito red  by tak ing  tw o samples from  each 25kg batch which 
w ere  tested  to  de term ine A tte rb e rg  lim its  and p a r t ic le  s ize  d is t r ib u t io n .  The 
K ao lin  w h o lly  passed the 63pm BS s ieve w ith  ty p ic a lly  50% f in e r  than 2pm.
L iq u id  and P la s tic  l im its  w ere  ty p ic a l ly  60% and 35% re s p e c tiv e ly .
2.1 SHEAR BOX T E S T S  W ITH  IN C L IN E D  R E IN F O R C E M E N T .
Tw o s e r ie s  o f tes ts  w ere  c a r r ie d  out to  in ve s tig a te  the undra ined  behav iou r of 
in c lin e d  re in fo rce m e n t embedded in  c la y .  Both  s e r ie s  o f tes ts  employed a s tandard  
60mm shea r box. In  the f i r s t  s e r ie s  o f tes ts  the adhesion fa c to r  was dete rm ined  
fo r  se v e ra l types o f re in fo rcem e n t in c lu d in g  0.8mm th ic k  m ild  s tee l p la te , 
cc rrug a te d  s tee l p la te , porous s in te re d  po lythene and polyethylene m esh. The 
mesh was fo rm ed from  tw o la y e rs  o f p a ra lle l t r ia n g u la r  c ro s s -s e c tio n  p o lye th y le ne  
s tra nd s  set at a 6mm p itc h  and heat bonded at the c ro s s -o v e r  po in ts  to  fo rm  a 
diamond shaped mesh. A to ta l o f f iv e  fo rm s of re in fo rcem e n t w e re  te s te d .
T y p ic a l c ro s s -s e c tio n s  o f these a re  shown in  F ig u re  1. The re in fo rce m e n ts  
w ere  loca te d  in  the shear box in  p a irs  in  the m anner in d ica te d  in  F ig u re  2 .
Seven co n so lid a ted -u n d ra in e d  te s ts  w ere  c a r r ie d  out w ith  a l l  o f the 60mm x 60mm '
x 2 5 -4mm c la y  samples being cu t fro m  a s ing le  101mm d iam ete r x  202mm h igh  sample
of K a o lin  c la y .  T h is  la rg e  sample had p re v io u s ly  been form ed in  a s p lit  mould
us ing  a h y d ra u lic  tarn to  g ive  a th e o re t ic a lly  sa tu ra ted  sample w ith  a b u lk  d e n s ity
3
and m o is tu re  content o f 1.87M g/m  and 34% re s p e c t iv e ly .  Once p re p a re d  the
sample was w rapped in  a lum inium  fo i l  sealed w ith  wax and a llow ed  to  stand fo r  one
week to  p e rm it equa lisa tion  o f m o is tu re  co n te n t. The m ild  s te e l p la te  and
c o rru g d e d  s tee l p la te  re in fo rce m e n ts  w ere  v e ry  c a re fu lly  p re ssed  in to  the  s ides
of the c lay 'sam p les  at an in c lin a tio n  o f 57° to  the h o r iz o n ta l,  F ig u re  2 . W ith each
p la te  being 25mm long and 56mm w ide th is  gave an a ll- ro u n d  c le a ra n ce  o f 2mm fro m
the in te r io r  o f the shear box . The s in te re d  po ly thene , w h ich  had been sa tu ra te d
w ith  d e -a ire d  w a te r , and the polyethylene mesh w e re  in s ta lle d  by c u ttin g  the c la y
samples at the sp ec ified  lo ca tio n s  and in c lin a t io n s . The f iv e  re in fo rc e d  samples
and tw o  u n re in fo rc e d  c o n tro l samples w e re  each conso lida ted  at a no rm a l s tre s s  
2le v e l o f 100 kN /m  . F o llo w in g  th is  the samples w e re  sheared und ra ined  at a ra te  
o f shea r o f 2% p e r m inu te.
The te s t re s u lts  w ere  in te rp re te d  us ing  a v e ry  s im ple th e o ry . R e fe rence  to  
F ig u re  3 shows a s ing le  re in fo rce m e n t o f leng th  2L and b read th  b embedded in  c la y .
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The re in fo rce m e n t is  in c lin e d  at an angle 6 to  the h o r iz o n ta l fa i lu re  plane 
form ed in  the shea r box. Assum ing an equal re in fo rcem e n t le n g th  L embedded in  
both the upper and lo w e r sections o f the shear box then the p u ll-o u t re s is ta n c e  from  
e ith e r the upper o f  lo w e r section  o f the box is  g iven by equation (1) w here  T is  
the induced te n s ile  fo rc e  and t*Cu is  the m ob ilised  adhesion.
T = 2<xC Lb .................(1)u
B a rrir^  te n s ile  fa i lu re  o f the re in fo rce m e n t the maximum v e r t ic a l a n lh o r iz o n ta l 
fo rce s  developed by N re in fo rce m e n ts  a re  given by equations(2a) and (2b) re s p e c t iv e ly .
T = 2NcxC L b s in e  .................(2a)v u
T, = 2NcxC Lbcos0 . ................. (2b)h u
S ince the c la y  is  assumed sa tu ra te d  the v e r t ic a l fo rc e  T v would have no e ffe c t.  
H ow ever the h o r iz o n ta l fo rc e  would enhance the shear re s is ta n c e  o f the  c la y  
alone w h ich  is  assumed to  be una ffected  by the re in fo rc e m e n t. On th is  bas is  i f  
is  d iv id e d  by the p lan a rea  o f the shear box, A , i t  may be co n s id e re d  to  re s u lt  
in  an apparent in c re a s e  in  und ra ined  shear s treng th  A C ^ . I t  fo llo w s  then fro m  
equation (2b) tha t the adhesion fa c to r  may be eva luated from  equation  (3 )*
AC A
Oc=  S....................  ................. (3 )
2NC Lbcose  u
A va lue  o f ACy may be d e r iv e d  by ta k in g  the d iffe re n c e  of the apparen t und ra ined  
shear s tre n g th  o f the re in fo rc e d  c la y  and the tru e  undra ined  sh ea r s tre n g th  o f 
the u n re in fo rc e d  c la y . The re s u lts  o f such an a na lys is  a re  g iven  in  T a b le  1.
.T A B L E  1 SHEAR. BOX T E S T  R ESU LTS .... .
REINFORCEMENT ' APPARENT C
u
(k N /i/)
AC
•u
(kN/m^)
ADHESION FACTOR
UNREINFORCED (1) 41.1 - -
UNREINFORCED (2) 43.2 - -
M.S.Z PLATES 54.5 12.4 0.69
PLAIN M.S.PLATES 47.2 5 .L 0.29
CORRUGATED STEEL PLATES 57.9 15.8 0.88
POLYITHYLENE MESH 60.5 18.4 1.03
SINTERED POLYTHENE 58.1 16.0 0.90
I t t
As can be seen the re s u lts  show re a lis t ic  values, of adhesion fa c to rs  w h ich  a re  
h igh  fo r  the " ro u g h "  re in fo rcem e n ts  and low  fo r  the co m p a ra tive ly  smooth p la in  
m ild  s te e l.  An unsuccessfu l attem pt was made to  m easure the re in fo rcem e n t 
ro ta t io n s  at the end o f each te s t .  H o w e ve r, i t  would  appear tha t these m ight 
be qu ite  im p o rta n t s ince  the m ild  s tee l Z -p la te s  , w h ich  by v ir tu e  o f th e ir  geom etry 
a re  m ore re s is ta n t to  ro ta t io n , gave a co n s id e ra b ly  h ig h e r adhesion fa c to r  than 
the p la in  p la te s  w h ich  w e re  made from  e xa c tly  the same m a te r ia l.  Some o f the 
enhanced pe rfo rm ance  of the Z -p la te s  m ight stem fro m  the top  and bottom flanges 
o f the p la te  encourag ing  the fo rm a tio n  o f a s ta tic  s o il wedge w h ich  would  genera te  
a c e r ta in  amount o f s o il to 's o i l  shea r ra th e r  than s o il to  re in fo rce m e n t sh e a r.
The exact mechanism in vo lved  would re q u ire  know ledge o f the s tra in  f ie ld  in  the 
v ic in ity  o f the re in fo rc e m e n t. T h is  would in v o lv e  the use o f a ra d io g ra p h ic  o r  
s im ila r  te ch n iq u e . The a dd ition  o f re in fo rce m e n t in  the c la y  had a m arked e ffe c t 
on the m agnitude.o f the s tra in  at fa i lu re .  F ig u re  A shows ty p ic a l re s u lts .  As 
can be seen in  each case th e .s tra in  to  fa i lu re  is  in c re a se d  by the re in fo rc e m e n t, 
th is  being p a r t ic u la r ly  pronounced in  the mesh re in fo rc e d  sample w here the fa i lu re  
s tra in  was 9*5% com pared to5 .5%  fo r  the u n re in fo rc e d  c la y . T h is  is  thought to  
be due to  the com bina tion  o f s o il- re in fo rc e m e n t s lip  and e la s tic  ex tens ion  o f the 
re in fo rce m e n t . A ga in  the a dd ition  o f flanges to  the p la in  s te e l p la tes  gave im proved  
pe rfo rm ance  w ith  the s tra in  to  fa i lu re  fo r  the Z -p la te s  being 6% com pared to  8% 
fo r  the p la in  p la te s .
In  the second s e r ie s  o f te s ts  the e ffe c ts  o f v a ry in g  the re in fo rce m e n t in c lin a tio n  
w ere  in v e s tig a te d . T ests  w ere  c a r r ie d  out in  the m anner p re v io u s ly  d e sc rib e d  
except tha t a s in g le  sanded s tee l re in fo rc in g  p la te  was in s ta lle d  at v a r io u s  
in c lin a t io n s .  The sanded s tee l was p re p a re d  from  pbates o f 0.8mm th ic k  m ild  s tee l 
w h ich  w e re  coated w ith  a th in  la y e r  o f epoxy re s in  fo llo w ed  by an even d us ting  o f 
medium to  co a rse  sand. I t  was not p o ss ib le  to  make an abso lu te  in te rp re ta t io n  o f 
the te s t result/ s ince  equation (3) is  not a pp lica b le  to  sm a ll values o f 0 .
C onsequently  a l l  the  te s t re s u lts  w ere  n o rm a lise d  by d iv id in g  the apparent und ra ined  
s tre n g th  at any in c lin a tio n  0 by the apparent s tre n g th  obta ined fo r  0 = 0 , thus 
lea d in g  to  a n o rm a lise d  adhesion fa c to r .  The re s u lts  w h ich  a re  g iven in  F ig u re  5 
show tha t a maximum adhesion fa c to r ,  o r  s tre n g th  im provem ent, o ccu rs  at a va lue  
o f 0 = 5 7 ° *  S ince 0 = 2A° th is  in c lin a tio n  is  equal to  45 + 0 /2 .  Rem em bering 
tha t the te s ts  w e re  c a r r ie d  out on sa tu ra ted  c la y  sheared under co n d itio n s  o f no 
d ra inage  th is  c r i t ic a l  va lue  o f 0 is  at co n s id e ra b le  va ria n ce  w ith  the a n tic ip a te d  
va lue  o f 4 5 °• T h is  unexpected c r i t ic a l  va lue  o f 0 is  c o rro b o ra te d  by te s t re s u lts
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from  Snaith  et a l (1979) who c a rr ie d .o u t a s im ila r  in ve s tig a tio n  o f s o il- re in fo rc e m e n t 
adhesion using a spec ia l hexagonal c ro s s -s e c tio n  shear box.
2 .2 .  SHEAR BOX T E S T S  W ITH  H O R IZ O N T A L  R E IN F O R C E M E N T .
S ince the polyethy.lene mesh was p roven  to  be the most e ff ic ie n t o f the re in fo rce m e n ts  
p re v io u s ly  tes ted  i t  was decided to  r e s t r ic t  subsequent in ve s tig a tio n s  to  th is  
m a te r ia l a lone . A lthough  shea r box tes ts  w ith  h o r iz o n ta l re in fo rce m e n t appear to  
be m e re ly  a sp ec ia l case o f shea r box te s ts  w ith  in c lin e d  re in fo rce m e n t they a re  
c a r r ie d  out fo llo w in g  a to ta lly  d if fe re n t p ro c e d u re . A sample o f mesh is  cu t 
to  the exact in te rn a l d im ensions of the shear box , 60mm by 60mm. T h is  is  p laced 
in  the lo w e r h a lf o f the box upon a so lid  a lum inium  b lo c k . The he igh t o f the b lo ck  
is  a d jus te d , fro m  the bottom , w ith  m etal shims u n til.th e  top la y e r  o f the 
polyethylene s trands  fo rm in g  one side  o f the mesh p ro je c t 2mm above the upper 
su rface  o f the lo w e r h a lf o f the box . In  th is  manner h a lf of the mesh s t ru c tu re ,  
w h ich  has a to ta l th ickn e ss  o f 4mm, is  beneath the p ro spe c tive  shea r p lane and 
h a lf above. To  p re ven t ik o u lin g  between the upper J ia lf of the shea r box and the 
p ro je c tin g  mesh the uppe r la y e r  o f the mesh s tru c tu re  was trim m ed  flu s h  w ith  the 
upper su rface  o f the lo w e r h a lf o f the box o v e r the f i r s t  6mm o f the sam ple. Thus 
the upper h a lf o f the box cou ld  t ra v e l fo rw a rd  induc ing  the equ iva len t o f 10% s tra in  
be fo re  the back o f the upper h a lf o f the box would fo u l the rem a in ing  p ro je c tin g - 
mesh s tru c tu re .
With the mesh p os itioned  a p re v io u s ly  p re pa re d  b lo ck  o f K ao lin  c la y , 12.5mm th ic k ,  ; 
was p laced in  the upper h a lf o f the box , the norm a l load  app lied  and the sample 
sheared w ith o u t d ra inage  at a ra te  o f 's h e a r o f 2% p e r m inu te . P r io r  to  c a r ry in g  out 
the te s t p ro p e r a s im p le  te s t was conducted to  ensure  tha t the open a rea  ra t io  o f 
the mesh, the undra ined  shea r s tre n g th  o f the c la y  and the minimum norm a l s tre s s  
le v e l w e re  co n s is te n t w ith  the c la y  e x tru d in g  th rough  the net p r io r  to  s h e a rin g .
F o u r unconso lida ted -und  ra in e d  c o n tro l te s ts  on c la y  alone and fo u r s im ila r  te s ts  on 
the c lay -m esh  com posite  w e re  c a r r ie d  out at no rm a l s tre s s  le v e ls  o f 5 0 , 100, 150 
and 200 kN /m  . The re s u lts  a re  p resen ted  in  F ig u re  6 in  the fo rm  o f a p lo t o f 
adhesion fa c to r  aga ins t norm a l s tre s s  le v e l.  The adhesion fa c to r  v a r ie d  s l ig h t ly  
w ith  norm a l s tre s s  le v e l hav ing  va lues between 0 .77  and u n ity  w ith  a mean va lu e  o f 
0 .8 9 . A ga in  com parison  of ty p ic a l n o rm a lise d  s tre s s  s tra in  c u rv e s , F ig u re  7 , fo r  
c la y  alone and the c la y -m e sh  com posite  show a h ig h e r s tra in  to  fa i lu re  f o r  the  co m pos ite , 
these s tra in s  be ing  4.5%  and 7% re s p e c t iv e ly .  Thus excess ive  s tra in  is  a lm ost
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c e r ta in ly  due to  a com bina tion  of in te r fa c e  s lip  and shear d is to r t io n  th rough  the 
th ickne ss  o f the mesh s tru c tu re .
2 .3  TH E  P U LL-O U T T E S T S
To com plete the in v e s tig a tio n  o f c lay -m esh  adhesion s ix  u nco nso lida ted -und ra ined  
p u ll-o u t te s ts  w ere  c a r r ie d  o u t. The p u ll-o u t appara tus w h ich  is  d esc rib e d  in  
d e ta il e lse w h e re , In g o ld  and Templeman (1979), co ns is ts  p r im a r i ly  o f a heavy 
s tee l box 500mm lo n g , 285mm w ide and 300mm deep w ith  a le t te rb o x - lik e  s l i t  
runn ing  the fu l l  w id th  o f the box at m id -he igh t o f the fro n t fa c e . The mesh is  
embedded in  c la y  w ith in  the box w ith  a sh o rt length  o f mesh p ro je c t in g  fro m  the s l i t .  
T h is  p ro je c t in g  mesh is  clamped in  p u ll-o u t jaw s w h ich  move at a constant ra te .
The p u ll-o u t fo rc e  is  m easured us ing  a tens ion  load  c e l l .  N o rm a l loa d  is  app lied  
v ia  a w a te r bag fed  fro m  a constant p re s s u re  system .
3 + 3The c la y  was com pacted to  a b u lk  den s ity  o f 1.80M g/m  -  0 .02M g/m  at a m o is tu re  
content o f 35%. E a r l ie r  te s ts  on the K ao lin  c la y  in d ica te d  th a t the und ra ined  
shear s tre n g th  o f sa tu ra te d  samples cou ld  be expressed  by the e m p ir ic is m  g iven  in  
equation (4)
lo g 10Cu = 10 *608 -  5 . 8771og10(m /c)%  .................(4)
F o r  a m o is tu re  con ten t o f 35% th is  e xp ress ion  leads to  an und ra ined  sh ea r s tre n g th  
2o f 34 kN /m  . To  check the e ff ic a c y  o f th is  e xp ress ion  and the m agnitude o f s tre n g th  
a n is o tro p y  a s e r ie s  o f h o r iz o n ta l and v e r t ic a l shear vane te s ts  w e re  c a r r ie d  out on 
b locks  o f c la y  cu t fro m  the p u ll-o u t box at the end o f each te s t .  The re s u lts  a re  
sum m arised in  T ab le  2 .
TA B LE  2 V A N E  SHEAR STR EN G TH S
TEST NO. C VERTICAL kN/m2 
u
C HORIZONTAL kN/m2 
u
1 17 17
2 16 16
3 14 18
4 20 14
5 16 * 16
6 16 18
AVERAGE 16.5 16.5
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As can be seen the re s u lts  a re  e x trem e ly  cons is ten t and the c la y  e xh ib its  an un­
expected is o tro p y  how eve r, the magnitude o f the s treng th  was app ro x im a te ly  
h a lf of tha t a n tic ip a te d . To check th is  anomaly tw o  sets o f th re e  38mm d iam ete r 
samples w e re  taken  fro m  te s t N os. 2 and 3 . These samples w e re  tes ted  u n -
co n so lid a te d -u n d ra in e d  in  the t r ia x ia l  appara tus at c e ll p re s s u re s  o f z e ro ,
2 250 kN /m  and 100 kN /m  . The re s u lts  in  the fo rm  o f a M ohr d iagram  a re  shown
in  F ig u re  8 . These re s u lts  g ive  some exp lana tion  fo r  the a p p a re n tly  lo w  shear vane
re a d in g s . S ince  the c la y  is  not fu l ly  sa tu ra ted  the undra ined  shea r s tre n g th  at
low  no rm a l s tre s s  le v e ls  is  a fun c tio n  o f the norm a l stress, le v e l.  The shea r vane
te s ts  w e re  c a r r ie d  out at z e ro  norm a l s tre s s  le v e l.  T ak ing  th is  in to  account i t
can be seen tha t the average shea r vane re s u lt  o f 16.5 kN /m  is  in  good agreem ent
2w ith  the z e ro  no rm a l s tre ss  tr ia x ia l te s t re s u lt  o f 16 kN /m  . A t no rm a l s tre s s
2le v e ls  above a pp ro x im a te ly  70 kN /m  the c la y  becomes fu l ly  sa tu ra te d  and achieves
2a m easured und ra ined  shea r s tre ng th  o f 35 kN /m  w h ich  is  in  e x c e lle n t agreem ent
2w ith  the va lue  o f 34kN /m  d e rive d  from  the e m p ir ic a l e xp re s s io n . W ith due 
account be ing  taken of th is  v a r ia t io n  the adhesion fa c to rs  shown in  F ig u re  9 w e re  
d e r iv e d . As can be seen the adhesion fa c to rs  a re  e x trem e ly  lo w  having a mean 
va lue o f 0 .1 8 . The exact mechanism lea d in g  to  these lo w  va lues is  not know n, 
how eve r, a l ik e ly  exp lana tion  is  lo c a l slippage N a y lo r and R ich a rd s  (1978). The 
s lippage m echanism is  borne  out to  some exten t by F ig u re  10 w h ich  show sia  ty p ic a l 
no rm a lise d  s t re s s -s t ra in  cu rve  fo r  the p u ll-o u t te s t tog e the r w ith  the co rre sp o n d in g  
" in is o la t io n "  s t re s s -s t ra in  cu rve  fo r  po lye thy le ie  mesh from  a p la n e -s tra in  te n s ile  
te s t .  'As can be seen the mesh in  is o la t io n  is  fa r  s t i f f e r  than the m e sh -c la y  system  
thus the fa i lu re  s tra in  at fa i lu re  must e ith e r  be governed by the  c la y  a lone o r  s o i l -  
re in fo rc e m e n t s l ip .  The la t te r  mode is  o bv io u s ly  in  o pe ra tio n  s ince  the  fa i lu re  
s tra in  o f the c la y  alone was 4 .5% , F ig u re  7 , w h ich  is  some 2% le s s  than the fa i lu re  
s tra in  obse rved  in  the p u ll-o u t te s t .
2.4- C O M P A R ISO N  OF R E S U LT S .
The th re e  d if fe re n t te s t methods employed g ive  th re e  d iffe re n t v a lu e s  fo r  the K a o lin -  
mesh adhesion fa c to r ,  Tab le  3 . The d iffe re n c e  is  p a r t ic u la r ly  pronounced in  re s u lts
T A B LE  3 C O M PAR ISO N  OF MEAN A D H E S IO N  F A C T O R S
TEST ADHESION FACTOR
INCLINED SHEAR BOX 1.03
HORIZONTAL SHEAR BOX 0.89 -
PULL-OUT TEST 0.18
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from  the p u ll-o u t te s ts .  A ssum ing-tha t th e re  a re  no m a jo r flaw s in  the te s tin g  
methods and techniques th is  leads to  the te n ta tive  conc lus ion  tha t the re  is  a 
d iffe re n c e  in  s lid in g  adhesion and p u ll-o u t adhesion. O bv ious ly  the h o r iz o n ta l 
shea r box tes ts  andJhe p u ll-o u t te s ts  fa l l  in to  the la t te r  and fo rm e r ca te g o rie s  
re s p e c t iv e ly .  The in c lin e d  shear box fa l ls  in to  n e ith e r one o r  the o th e r o f these 
c a te g o rie s  th e re  being elem ents o f b o th . A d d it io n a lly  there is  a th ird  element 
nam ely the e ffe c ts  o f the bending s tiffn e s s  o f the re in fo rcem e n t w h ich  w ou ld , th rough  
su pp ress ion  o f ro ta t io n  o f the re in fo rc e m e n t, induce  a dd itio n a l apparent shear 
s tre n g th  w h ich  would  be inc lu de d  in  the  e xp ress io n  used to  eva lua te  the adhesion 
fa c to r .  O bv ious ly  th e re  is  much m ore re s e a rc h  re q u ire d  p a r t ic u la r ly  w ith  
re fe re n c e  to  the s tra in  f ie ld  developed in  the v ic in ity  o f .the re in fo rc e m e n t.
3 .0  MODEL WALL T E S T S  AND R ESU LTS
The question  posed is  "D oes re in fo rc e d  c la y  w o rk "?  To answ er th is  the re s e a rc h e r
has f i r s t  to  re s o lv e  s e ve ra l d ilem m as. A ssum ing no access to  a c e n tr ifu g e  o r
fu l l sca le  w a ll f a c i l i t ie s ,  the f i r s t  p rob lem  is  how to  b r in g  a model w a ll to  fa i lu r e .
2Even w o rk in g  w ith  a c la y  w ith  an und ra ined  shea r s tre ng th  o f 20 kN /m  the fa i lu re  
height o f an u n re in fo rc e d  w a ll is  l ik e ly  to  be in  excess o f tw o  m e tre s .
The second dilem m a conce rns bas ic  c r i t e r ia  to  be adopted in  the a n a lys is  o f the 
w a ll.  I f  an e ffe c tiv e  s tre ss^n a lys is  is  persued th e re  is  the d if f ic u l ty  o f e ith e r  
c a lc u la tin g  o r  m easuring  "c o n s tru c t io n "  .po re w a te r p re s s u re s . I f  these p o re w a te r 
p re s s u re s  a re  to  be m easured the n , assum ing a sm all sca le  m odel, th e re  is  a need 
fo r  m in ia tu re  po re  p re s s u re  tra n s d u c e rs . These would be re q u ire d  in  num ber 
thus the  tra n s d u c e rs  and th e ir  assoc ia ted  ru n  cu t leads would a lm ost c e r ta in ly  
in te ra c t  and in te r fe re  w ith  the system  th a t the y  should be u n o b tru s iv e ly  m o n ito r in g . 
H aving  in s ta lle d  such a m o n s tro s ity  th e re  is  then the p o s s ib il ity  o f th e  " f i l l "  be ing  
p a r t ly  s a tu ra te d . Y e t a fu r th e r  d ilem m a -  p o re w a te r p re s s u re  o r  po re  !air p re s s u re  
o r  both? The a lte rn a tiv e  o f a to ta l s tre s s  a na lys is  appears m ore tra c ta b le ,  
h o w e ve r, in  cons ide ring  re in fo rce m e n t bond leng ths  th e re  is  the  p rob lem  o f the 
lo c a tio n  o f the fa i lu re  p lane . T o ta l s tre s s  a na lys is  p re d ic ts  a plane in c lin e d  at 4 5 ° 
to  the h o r iz o n ta l,  in  re a l i ty  the p lane is  " in c lin e d  at 45 + 0 /2 °  to  the h o r iz o n ta l.
To c ircu m ve n t these prob lem s and to  a r r iv e  at an answ er to  the question  posed i t  
was decided to  adopt an ad hoc te s tin g  techn ique  based on fa il in g  a model w a ll,  by 
^surcharge, a long a s u b s ta n tia lly  p rede te rm ined  p lane .
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3.1 TH E  MODEL WALL.
A l l  the tes ts  w ere  c a r r ie d  o u t, under p la n e -s tra in  co n d itio n s , in  a r ig id  s tee l 
box having an in te rn a l leng th  o f 711mm w ith  an equal w id th  and depth of 152mm.
The box, w h ich  was in fa c t a redundant concre te  te s t beam m ould, had detachable  
sides and ends w h ich  w e re  bo lted  to  a th ic k  s tee l base p la te  v ia  e x te rn a l flanges 
F ig u re  11. P r io r  to  f i l l in g  the  box to  fo rm  a model w a ll the s ides o f the box, 
w h ich  w ere  h ig h ly  p o lish e d , w e re  coated w ith  a th in  la y e r  o f h igh p re s s u re  s ilic o n e  
g re ase . The sides w ere  then lin e d  w ith  a double la y e r  of 5thou (0.13mm) 
th ic k P T F E s h e e ts , w h ich  had p re v io u s ly  been lu b r ic a te d  on both s ides w ith  the same 
s ilico n e  g re a se . The f lo o r  o f the box was made rough by bonding a co a rse  grade 
wet and d ry  ca rb o run d um  paper to  the f lo o r  rough face up.
K ao lin  c la y  in  the fo rm  o f ch ina  c la y  G rade D pow der was used th roughou t the 
s e r ie s  o f te s ts .  To  m in im ise  the q ua n tity  o f c la y  used in  each te s t the e ffe c tiv e  
length  o f the mould was reduced by us ing  152mm concre te  cubes as pack ing  a t the 
rem ote end. A minimum d is tance  o f 160mm was le f t  between the  end o f the 
re in fo rce m e n t rem ote  from  the face of the w a ll and the concre te  pack ing  b lo c k s .
To p reven t any a bso rp tion  o f w a te r fro m  the c la y  the b locks w e re  sea led w ith  tw o  
coats o f p la s tic  em u ls ion . Com paction o f the c la y  was g e n e ra lly  ach ieved  us ing  a 
Kango v ib ra t in g  e le c tr ic  hammer f it te d  w ith  a 100mm by 150mm ta m p e r. D u rin g  
com paction the f ro n t  face o f the mould was sealed w ith  a lu b r ic a te d  end p la te ,
F ig u re  12. The purpose  o f the com paction was to  achieve a p re de te rm in ed  d e n s ity  
at a m o is tu re  content co ns is te n t w ith  fu l l.s a tu ra t io n .  The re q u ire d  d e n s ity  was 
g e n e ra lly  ach ieved us in g  the e q u iv a le n t o f 8 m inutes com paction p e r 25mm la y e r ,  
how eve r, in  some cases i t  was n ece ssa ry  to  re s o r t  to  the use o f a h y d ra u lic  p re ss . 
Tests were c a r r ie d  out on both re in fo rc e d  and u n re in fo rc e d  w a lls .  The re in fo rc e ­
ment used th roughou t was po lye thy lene  mesh p laced in  h o r iz o n ta l la y e rs .  The uppe r 
and lo w e r la y e rs  o f po lye thy lene  s trands  fo rm in g  the  bonded mesh w ere  both  
in c lin e d  at 6 0 ° to  the long  a x is  o f the m ould. The re in fo rce m e n t used was 250mm 
long  and g e n e ra lly  140mm w id e . T h is  le n g th  o f re in fo rce m e n t was ca lc u la te d  to  
obviate bond fa i lu re  in  the re s t ra in t  zone and te n s ile  fa i lu re  o f the m esh. Gn 
th is  bas is  i t  was a n tic ip a te d  tha t bond fa i lu re  would  o ccu r in  the a c tive  zone n ea r 
the fro n t o f the w a ll.  With the re in fo rce m e n t p laced and the mould f i l le d  flu s h  to  
the top the  whole  assembly was sealed in  a polythene bag fo r  s e v e ra l days to  a llo w  
m o is tu re  con ten t e q u a lis a tio n .
A f te r  c u r in g  tte  model w a ll conta ined  w ith in  the mould was p laced w ith  the f ro n t  end 
o f the mould d ir e c t ly  beneath a CBR m achine, F ig u re  11. A loa d in g  p la tte n  144mm
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wide and 101mm long  was p laced c e n tra lly  on top o f the w a ll w ith  the fro n t edge of 
the p la tte n  flu s h  w ith  the face o f the w a ll.  The u p p e r su rface  o f the p la tte n , w h ich  
was fo rm ed  from  a 6mm th ic k  channel se c tio n , was f it te d  w ith  a c e n tra l c y l in d r ic a l 
s le e ve . The in te rn a l d iam ete r o f the sleeve a llow ed  a s lid in g  f i t  w ith  a s tandard  
CBR p lu n g e r w h ich  s lid  down the guide c y lin d e r  to  f in a l ly  come in  contact w ith  the 
upper s u rfa ce  o f the p la tte n . The lo w e r su rface  o f the p la tte n , w h ich  was h ig h ly  
p o lish e d , was lu b r ic a te d  w ith  a -thin la y e r  of h igh  p re s s u re  s ilic o n e  g re a se . To 
m in im ise  any h o r iz o n ta l shear the p la tte n  was separa ted  from  the top su rface  o f the 
w a ll by th re e  lu b r ic a te d  la y e rs  of P T F E  sheet. With the p la tte n  and CBR 
equipment in  p o s itio n  a f in a l check was made fo r  plumbness in  tw o  d ire c t io n s .
T h is  a ssu red  tw o  0.025m m d ia l gauges w ere  set on e ith e r s ide  o f the p la tte n  to  
m easure v e r t ic a l d e fo rm a tio n . The CBR p lunge r w h ich  tra v e ls  at a constant ra te  
o f 1 .27m m /m in g ives  r is e  to  a v e r t ic a l ra te  o f s tra in  o f 0 .9 %  p e r m inute o ve r a 
w a ll he igh t o f 152mm. T h is  ra te  o f s tra in  was cons ide red  to  be co ns is te n t w ith  
und ra ined  lo a d in g . On a c tiv a tin g  the d r iv e  m otor the platt-en moves v e r t ic a l ly  down­
w ards gen e ra ting  a fa i lu re  surface between the back edge o f the p la tte n  and the toe 
o f the w a ll.  The mean in c lin a tio n  of th is  su rface  to  the h o r iz o n ta l is  governed 
by the re la t iv e  p la tte n  w id th  and w a ll he ight w h ich  in  th is  case gave an in c lin a tio n  
o f 5 6 .4 °  w h ich  is  a lm ost e xa c tly  equal to  45 + 0 /2  fo r  the K a o lin  c la y  em ployed.
The te s t is  con tinued  u n t il a peak CBR p lunge r load  is  re c o rd e d . Im m ed ia te ly  
a fte r  com p le tion , o f each w a ll te s t the iin d ra in ed  shear s tre n g th  o f the c la y  is  
de te rm ined  by la b o ra to ry , shea r vane and unccnso lida ted -und ra ined  t r ia x ia l  te s ts  •
A l l  te s tin g  and sam pling was re s tr ic te d  to  the und is tu rb ed  c la y  in  the  a rea  between 
the end o f the re in fo rc in g  la y e rs  and’ the concre te  pack ing  b lo c k s . .The shea r 
vanes w e re  in tro d u c e d  w ith  both v e r t ic a l and h o r iz o n ta l o r ie n ta tio n s  to  in v e s tig a te  
any s tre n g th  a n is o tro p y . As a check on the vane s treng ths  33mm d ia m e te r samples 
w ere  taken w ith  a v e r t ic a l o r ie n ta t io n . These samples w ere  hand trim m ed  to  
m in im ise  d is tu rb a n c e . Where p oss ib le  s u ff ic ie n t samples w e re  taken  to  a llo w  
te s tin g  o v e r a range o f c e ll p re ssu re s  tha t in c lu de d  the m agnitude o f the  v e r t ic a l 
p re s s u re  app lied  by the loa d in g  p la tten  at fa i lu re .  S in c e  th e re  w e re  in d ic a tio n s  
o f la c k  o f fu l l  sa tu ra tio n  at lo w  s tre s s  le v e ls  the shea r vane te s ts  w e re  la te r  
abandoned.
3 .2  T E S T  R E S U LTS
The re s u lts  o f the u nd ra ined -shea r s tre n g th  de te rm ina tions  a re  g iven  in  T ab le  4 .
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TABLE 4 UNDRAINED SHEAR STRENGTH SUMMARY
TEST UNIT LABORATORY SHEAR VANE TRIAXIAL
NO. WEIGHT
kN/m
No. AVE.
HORIZ,.
kN/m
;RANGE2
kN/m
No. AVE.
VERT.
' kN/m .
RANGE
kN/m
NO. Cu 2 
kN/m
0u
0
1 17.6 4 18.4 16.8-
•19.8
2 19.1 18.1-
20.1
1 17.2 0
2 17.2 6 15.8 13.0-
18.0
5 19.2 17.0-
22.0
3 12.0 4.0
3 18.1 6 31.8 30.1-
33.2
7 35.5 30.4-
41.2
6 29.5 0 *
4 18.1 8 32.9 31.1-
35.9
10 34.7 31.1-
36.6
6 24.0 6.5
5 18.0 - - - - - - 6 40.5 2D
6 18.1 10 35.6 30.4-
41.4
8 32.8 3 0 .1 -
38.7
2 35.8 0
7 17.9 - - - - - - 10 16.0 4.0
8 17.9 - - - - - 10 16.0 4.0
9 18.1 - - - - - - 4 28.0 6.0
10 18.1 - - - - 4 28.0 6.0
*  F o r ■■ a > 70 kN/m2 n
A to ta l o f e igh t w a ll te s ts  w ere  c a r r ie d  out in c lu d in g  tw o  te s ts  on u n re in fo rc e d  
w a lls .  The re s u lts  a re  sum m arised in  T ab le  5 .
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TABLE 5 SUMMARY OF WALL T E S T  RESULTS
TEST NO. NO.RFT. LAYERS RFT.SPACING MAX. PLATTEN UNDRAINED STRENGTH
mm PRESSURE pkN/m2 AT o' = p kN/m
L N il. - 30.3 17.8
2 N il. - 29.4 14.0
3 6 25.4 160.9 29.5
4 . 4 38.0 177.6 44.5
5 4 38.0 202.1 48.0
6 6 25.4 200.6 35.6
7 8 19.0 186.7 28.0
8 2 76.0 63.0 20.0
9 2 76.0 126.6 39.0
10 8 19.0 227.4 50.0
4 .0  THEO RY AND A N A L Y S IS
B e fo re  c o n s id e rin g  the p roposed a n a ly tic a l methods in  d e ta il i t  is  u se fu l to  
re s ta te  the assum ptions made and c a rd in a l re s u lts  obta ined when us ing  co nve n tion a l 
to ta l s tre s s  a n a ly s is . R e fe r r in g  to  F ig u re  13, the boundary co n d itio n  at a te n s io n  
c ra c k  is  tha t the h o r iz o n ta l to ta l s tre s s  is  z e ro . T ak ing  p r in c ip a l s tre s s  
d ire c tio n s  to  be v e r t ic a l and h o r iz o n ta l re q u ire s  0 ^  = 0 . In  the  l im it in g  case
0  = v  z = 2C whence z = 2C / y  . I t  can be seen tha t fo r  z <  z^ the  :1 ‘ c u c u 1 c
shear s tre n g th  is  not fu l ly  m o b ilise d . C o n s id e r in g  now a fa i lu re  p lane  
in c lin e d  at 0 to  the h o r iz o n ta l,  F ig u re  13, then fo r  a fu l ly  developed te n s io n  c ra c k  
the average undra ined  s tre n g th , Cy , m o b ilise d  a long ABC is :
C = [ c  (H -z  )cosec0+ \  C z cosecB /H c o s e c 0  u l_ u  c  ^ u c J
C = C (1-z /2 H ) u u c
Now the app lied  shea r s tre s s  due to  the s e lf-w e ig h t o f the a c tive  s o il mass A B C D  is
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t = Wsin & /H co se c  0
Where
o
W = \  yH c o t0 ,thus: 
t  = \  ifH sin  0 cos 0 
On d if fe re n tia t in g :
Bt/S 0 = iy H c o s 2  8 = 0
Whence
6 =  w /4 .  t = T H /4• max
The c r i t ic a l  he igh t fo r  a v e r t ic a l cu t w ith  ten s io n  c ra cks  is  obta ined by equating
t to  the average m ob ilised  und ra ined  s tre n g th  C max & & u
yH = 4C (1—z /2 H )1 u c
P u tting  = 2 C ^ / Y leads to :
H 2 -  (4C / Y  ) H  + (4C 2/ Y 2) = 0 .
S o lu tion  o f th is  q u a d ra tic  equation leads to  the fa m il ia r  e xp ress io n :
H = 2Cu/  Y
I f  th e re  are no tens ion  cracks the undra ined  sh ea r s tre ng th  Cu is  assumed to  be 
fu l ly  m o b ilised  a long the fa i lu re  plane A B E , F ig u re  13. Thus ‘r max can be 
equated d ire c t ly  to  whence:
H = 4Cu/ y
2By s im ila r  reason ing  i t  can be shown tha t i f  th e re  is  a su rcha rge  p k N /m  at the 
top o f the w a ll DCE the n , assum ing no tens ion  c ra c k s , the m agnitude o f th is  s u r ­
charge  to  cause fa i lu re  is :
p = (4C u -  Y H )/2 .
1 9 4
U nder a su rch a rge  p the v e r t ic a l s 'tress at the base o f the c ra c k  equals the un­
d ra ine d  shea r s tre ng th .C  :
y z  + p = 2C c r  u
Thus no ten s io n  c ra c k s  a re  developed i f  p ^ 2 C u -
The fo re g o in g  to ta l s tre s s  a na lys is  may be .modified by the in tro d u c tio n  o f a 
h o r iz o n ta l re s to r in g  fo rc e  T as m ight be developed by a s e rie s  o f h o r iz o n ta l 
re in fo rc in g  la y e rs .  C o n s id e rin g  the e q u ilib r iu m  o f the wedge o f s o il in  R g u re  14a 
i t  fo llo w s  tha t the shea r s tre s s  along the fa i lu re  plane AB is :
% = (W sinB -  T c o s 0 )/H c o s e c  0 .(5a)
On d if fe re n t ia t in g  i t  is  aga in  found tha t Tmax is  achieved when G = -jt/4 .
t = i y H  -  £ r / H  max
max = K Y H - 2 T / H ) .(5b)
E quating  ^  to  Cy and so lv in g  the re s u lt in g  quad ra tic  equation  in  H leads to  
equation (6)
H = 2C /Y  u 1 + / I  + (T Y /2 C  n  . u .(6)
I t  is  ta c i t ly  assumed in  the above a na lys is  tha t the c la y  develops a te n s ile  re s to r in g  
fo rc e , T q , o v e r the depth z ^ ,  F ig u re  14b, s ince  i f  T  is  put to  z e ro  equation  (6) 
g ives H = 4Cu/ y  • T h is  is  not the case i f  a tens ion  c ra c k  develops when i t  
must be assumed tha t the fo rc e  T q is  developed by the re in fo rc e m e n t. U nder these  
c ircum stances the  to ta l re in fo rce m e n t re s to r in g  fo rc e  is  reduced to  an e ffe c tiv e  
va lue  T ' = T -T  whence equation (6) becomes
H = 2C / y  u 1 1 +  J 1 + (T ' Y /2 C u 2) (7)
T ak ing  the e xp re ss io n  fo r  T q g iven in  F ig u re  14b the e ffe c tive  te n s ile  re s to r in g  
fc rce  T ' = T -(2 C  Y)» S u b s titu tio n  fo r  T* in  equation (7) leads to  equation  (8)
H =  2 C u / y I1 + /  T Y /2 C .(8)
1 9 5
Equation  (8) may be c o rro b o ra te d  by a more d ire c t d e r iv a t io n . I f  the
maximum shea r s tre s s  g iven by equation (5b) is  equated d ire c t ly  to  the average shear
s tre n g th , Cu , m ob ilise d  when tens ion  c ra cks  develop then equation (9) re s u lts .
C (1 -  z /2 H ) = J (YH  -2 T /H )  ' ................. (9)u c
S u b s titu tio n  fo r  z leads to  a q u a d ra tic  equation in  H the s o lu tio n  o f w h ich  is  
id e n tic a l to  equation (8 ).
The above a n a ly tic a l approach  may be extended to  a w a ll w ith  a un ifo rm  su rcha rge  
2load  o f p kN /m  . F o r  p > 2 C y th is  re s u lts  in  equation  (10)
p = (4C u - y H  + 2 T /H ) /2 .......................................................................... ................(10)
S ince to ta l s tre s s  a na lys is  has been app lied  the maximum o b liq u ity  is  45° ra th e r  
than 0 ’ . T h is  o f co u rse  re s u lts  in  a " fa i lu re  p la n e " in c lin e d  at 4 5 ° to  the 
h o r iz o n ta l ra th e r  than 45 + 0 /2 . Since even under co nd itio n s  o f und ra ined  lo a d ing  
fa i lu re  is  c o n tro lle d  by e ffe c tiv e  s tre s s  the " r e a l" fa i lu r e  p lane is  in c lin e d  at 
45 + 0/2 to  the h o r iz o n ta l,  B ishop  and B je rru m  (I9 60 ). T h is  u n c e rta in ty  leads 
to  p rob lem s in  . in te rp re t in g  the re s u lts  o f w a ll te s ts  in v o lv in g  p u ll-o u t fa i lu re  
s ince the e ffe c tiv e  bond leng th  cannot be d e fin e d . In  v iew  o f th is  i t  was decided 
to  cause the model w a lls  to  fa i l  a long a . p re de te rm ined  p la ne , in c lin e d  at 45 + 0 /2
to  the h o r iz o n ta l,  under a su rch a rge  load p . T h is  a p p a re n tly  c a v a lie r approach can be
ju s t if ie d .  F ig u re  15 shows a v e r t ic a l c u t, o r  w a ll,  sub ject to  a un ifo rm  su rch a rg e  
in te n s ity  p k N /m ^ . The su rch a rge  is  app lied  v ia  a r ig id  p la tte n  of w id th  J l [  H . 
C o n s e q u e n tly  the in c lin a tio n  o f the fa i lu re  p lane , e , cannot exceed 45 + 0 /2 .  The 
shea r s tre s s  a c ting  a long the fa i lu re  p lane is  g iven by equation (11)
 ^ o
t = i y  H s in 2 0  + p ^ s i n  0  (11)
The f i r s t  te rm , w h ich  re la te s  to  the se lf-w e ig h t o f the s o il conta ined  by the fa i lu re
p lane , is  a maximum when 0=  4 5 ° , and thus fo r  0 in  the range  0 ° -9 0 °  is  not
m onoton ic . C o n ve rse ly  the second te rm , w h ich  re la tes to  the sh ea r s tre s s  developed
3
by the s u rc h a rg e , is  m onoton ic. Now fo r  the model used y  4= 18 kN /m  ,
H = 0.152m thus the  f i r s t  te rm  is  sm all in  abso lu te  te rm s and v e ry  sm a ll com pared 
to  the m agnitude o f su rch a rge  re q u ire d  to  in d u e e .fa ilu re . T a k in g  p = 0 the f i r s t  
te rm  assumes a va lue  o f 0 .6 5  kN /m ^ fo r  0 =  4 5 ° . F o r  6 = 45 + 0 /2  = 5 7 ° ,
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fo r  0 = 24 , the f i r s t  te rm  assumes a va lue of 0 .5 9  kN /m  . I t  fo llo w s  from  th is  
tha t the d if fe re n c e  in  shear s tre s s  fo r  0 =  45 o r  8=  45 +0 /2  is  to  a ll in ten ts  
and purposes n e g lig ib le . The maximum va lue  of shear s tre ss  generated by the 
su rch a rg e  o ccu rs  at the maximum p oss ib le  va lue  of 0 . T h is  va lue  of 0 
has, by design  , been lim ite d  to  45 + 0 /2 .  The s ig n ifica n ce  o f equation (11) and 
the e ffe c ts  of the s im p lify in g  assum ptions can be judged from  F ig u re  16 w hich
shows the v a r ia t io n  o f shear s tre s s  w ith  fa i lu re  p lane in c lin a tio n  fo r  se ve ra l 
va lues o f su rch a rg e  in te n s ity .  W orking then on the bas is  tha t 0=  45 ■+ 0/2 i t  is  
poss ib le  to  d e r iv e  an express ion  de fin in g  the m agnitude of the su rch a rg e  p to  b r in g  
the model w a ll to  fa i lu re ,  equation (12)
P = i (4C u/c o s 0  ) -  YH + 2 T /H ,(12)
It is  now n ece ssa ry  to  define T the re s to r in g  fo rc e  generated by the h o r iz o n ta l 
re in fo rc in g  la y e r s .
4.1 T H E  D IS C R E T E  THEORY
C o n s ide r a w a ll o f he igh t H w ith  n re in fo rc in g  la y e rs  at a v e r t ic a l spacing  S ,
F ig u re  17. The top la y e r  is  a d is tance  |S  below  the su rface  and s im ila r ly  the 
bottom la y e r  is  |S  above the base of the w a ll.  The magnitude o f the re s to r in g  
fo rc e  developed in  e ac fcb laye r, T ^kN /m , w i l l  be governed by e ith e r  p u ll-o u t fa i lu re  
o r  te n s ile  fa i lu re  o f the re in fo rc e m e n t. I f  th e re  a re  no facing u n its  th e re  a re  in  
fac t th re e  p o ss ib le  modes o f fa i lu re  :
i  -  Bond fa i lu re  in  zone I.
i i  -  Bond fa i lu re  in  zone I I
i i i  -  T e n s ile  fa i lu re  o f the re in fo rc e m e n t.
C o n s id e rin g  the f i r s t  mode o f fa i lu re ,  the bond leng th  fo r  the ith  la y e r  in  zone I  
may be exp ressed  by equation (13)
L. = Hl (2 i -  1) /  2n tan ^   (13)
T ak ing  the  re in fo rcem e n t to  ru n  the fu l l  w id th  o f the w a ll then assum ing the 
gen e ra tion  of a bond s tre s s  <xC leads to  equation (14)
T. = 2Li (xCu = 2H tan/2>otC^(2i -  1) /  2 n ] ,(14)
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The total  r e s to r in g  fo rce  T is  obtaihed by summation of equation (14)
i  =n
T = 2Htan/3ocCu Z  [  (2 i -  1) /  2n ]   (15a)
i= l
T = nHtan/3ocCu  (15b)
C o n s ide ring  now the second mode of fa i lu re  and assum ing tha t a ll the re in fo rce m e n ts  
a re  the same le n g th  L w ith  L>Htan/3
T. = 2 (L -L .)  oc C  (16a)
1 1 u
T. = 2 c*Cu [  L -  H tan /5 ( 2 i - l )  /  2n j ,(l6b)
The to ta l re s to r in g  fo rc e  is  obta ined by ta k in g  the summation o f equation  (16b) 
o ve r n te rm s .
T = 2n ocCu (L -  iH ta n  p  )  (17)
F in a lly  fo r  the te n s ile  inode o f fa i lu re  the to ta l re s to r in g  fo rc e  is . s im p ly  n tim es 
the u ltim a te  te n s ile  s tre n g th  o f each la y e r  p e r m etre  w id th , equation (18)
T = nT  (18)u
In  the p ilo t  study the w a lls  w e re  designed to  fa i l  in  the f i r s t  mode w ith  a p re ­
de te rm ined  va lue  of /3= 45 -  0 /2 .  F o r  th is  case equation (15b) reduces to  
equation (19)
T = nH i f  ocC  (19)v a u
The th e o re tic a l va lue  o f p , the su rch a rg e  load  in te n s ity  at fa i lu re ,  is  ob ta ined  
from  equation  (12) us ing  the va lue  o f T from  equation (19)
p = \  |^(4Cu/c o s  0 )  -  yH + 2n Jk~ .(20)
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4 .2  TH E  C O M P O S ITE  THEO RY .
An a lte rn a tiv e  to  the p reced ing  th e o ry  is  to co n s id e r the equ iva len t undra ined
shear s tre n g th  o f the c la y -re in fo rc e m e n t com posite . In  norm a l la b o ra to ry
p ra c tic e  the unconfined com press ive  s treng th  o f a c la y  is  assumed equal to  tw ic e
the undra ined  shea r s tre n g th  o f the c la y , tha t is  p = 2Cu - H ow ever th is
assum ption app lies to  a sample w h ich  g e n e ra lly  has an aspect r a t io  o f tw o and is
th e re fo re  not sub jec t to  the e ffe c ts  o f p la tten  f r ic t io n .  As the aspect ra t io
decreases p la tten  f r ic t io n  becomes v e ry  s ig n if ic a n t and as such may be co ns ide re d
analogous to  s o il- re in fo rc e m e n t f r ic t io n .  To in ve s itga te  th is  p o s s ib il i ty  fu r th e r
co n s id e r the e q u ilib r iu m  o f an element o f c la y  o f th ickness  S undergo ing  p lane s tra in
com press ion  between r ig id  f r ic t io n a l p la ttens  o f w id th  b sub ject to  a u n ifo rm ly
2d is tr ib u te d  load  of in te n s ity  p kN /m  , F ig u re  18. '
Let ocC^ and assume tha t -^C is  eve ryw he re  fu l ly  m o b ilise d . T a k in g  
to  be constant i t  fo llo w s  tha t da = da^ = dp, thus equation (21) may be 
re w r it te n :
2 Tdx + da  S = 0x (21)
2o<Cudx + Sdp = 0 (22)
On in te g ra t in g  equation (22)
2cxC x / .  S + p + K = 0 u r (23)
When x = b , a  = a  = 0 , thus p = G, = 2C , hence: x 3 r  1 u
K = -2<xC b /  S -  2C u u
S u b s titu tin g  fo r  K in  equation (23) and re a rra n g in g  leads to  equation  (24)
p /  2 Cy = 1 + (*(b -x ) /S (24)
The mean va lue  of the s tre n g th  ra t io  defined by equation (24) is  found by in te g ra t in g  
between the l im its  x  = o , x = b and averag ing  o v e r the loaded w id th  b to  g ive  
equation (25)
p /  2Cu = 1 +cxb/ 2S (25)
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Now the model w a ll te s t m ight be in te rp re te d  as a p lane s tra in  com press ion  tes t
under a p la tte n  w id th  o f b = JK  H . In  th is  case equation (25) may be used to*• a
define  an equ iva len t undra ined  s tre ng th  C equation (26)
C ’ = C „ (  1 + M H oc/2S )........................................................................ .................(26)
U  u  ^  Q
S ince H /S  is  equal to  the num ber o f re in fo rcem e n ts  n .
C ' = C ( 1 + n fiT cx/ 2) .................(27)u u v a #
F o r  an u n re in fo rc e d  w a ll th e Y h e o re tica l su rcha rge  in te n s ity  to  cause fa i lu re  is  
g iven by equation (28)
p = i  (4C u - y  H ) . .................(28)
S u b s titu tin g  C 1 fo r  Cu in  equation (28) leads to  equation (29)
P = I  (4C -  tH  + 2n M  cxC ) ................. (29)11 ’ a  U
A .3 A N A L Y S IS  OF T E S T  R E S U LTS
In  ana lys in g  the te s t re s u lts  i t  is  use fu l to  in tro d u ce  a d im ension less fo rm  of 
equation (20)
p / V c  = 2sec 0 -  yH /2 C  + n K  ex . . . . ____ (30)/  \  u . u a
In s p e c tio n  o f equation  (30) shows tha t the d im ension less p a ram e te r p /)(C u is  a 
l in e a r  fu n c tio n  o f n , the num ber: o f re in fo rc in g  la y e rs ,  w ith  the f i r s t  tw o  te rm s  
re p re s e n tin g  an in te rc e p t at n = 0 . In  v iew  o f th is  i t  is  ccnvenient to  make tw o 
s im p lify in g  assum ptions. F i r s t ly  the f i r s t  te rm  is  deemed to  take  the c la s s ic a l 
va lue  o f 2 . Secondly the s o il is  assumed w e igh tless  thus m aking the second te rm  
z e ro . F o r  the te s ts  under co n s id e ra tio n  th is  in tro d u ce s  an e r r o r  o f a p p ro x im a te ly  
6% in  the  in te rc e p t.  A com parison  of th e o re tic a l and tes t re s u lts  is  g iven  in  
F ig u re  19. To eva lua te  th e  th e o re tic a l re s u lt  the va lues of adhesion fa c to r  used 
w ere  those from  the h o r iz o n ta l shear box w h ich  gave maximum, minimum and mean 
va lues o f 1 .0 0 , 0 .7 7  and 0 .8 9  re s p e c tiv e ly . The use of these "n o  s l ip "  adhesion 
fa c to rs  was ju s t if ie d  by the fa c t tha t the peak su rch a rge  in te n s ity  in  the  model w a ll 
te s t and the und ra ined  shear s tre ng th  o f the same c la y  m easured in  the  t r ia x ia l  
appara tus both o c c u rre d  at v e ry  n e a r ly  the same v e r t ic a l s t ra in .  T y p ic a l
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re s u lts  a re  shown in  F ig u re  20. As can be seen from  F ig u re  19 th e re  is  
reasonatie agreem ent between th e o re tic a l and te s t re s u lts  w ith  the la t te r  fa l lin g  
between the envelopes fo r  maximum and minimum m easured adhesion fa c to rs .
One excep tion  to  th is  is  the re s u lt  fo r  te s t N o. 10. On d ism a n tling  the model 
w a ll a f te r  fa i lu re  the re in fo rcem e n ts  showed s e ve ra l la rg e  a reas tha t appeared to  
have been contam inated by the s ilico n e  g re a se . I t  is  thought tha t th is  
con tam ina tion  re s u lte d  in  a lo w e r adhesion fa c to r .  The same o b se rva tio n  app lies 
to  F ig u re  21 w h ich  shows a com parison  of th e o re tic a l and te s t re s u lts  us ing  the 
"com pos ite  th e o ry " .  A ga in , b a r one re s u lt ,  th e re  is  reasonab le  agreem ent 
between th e o ry  and obse rva tion .
5 .0  C O N C LU SIO N S
The p ilo t  study repo rted  c le a r ly  in d ica te s  tha t the add ition  o f sheet re in fo rc e m e n t 
to  model w a lls  in c re a s e s  the in te n s ity  o f the su rch a rge  load  re q u ire d  to  induce 
fa i lu r e .  O n ly one mode of fa ilu re  has been in ve s tig a te d  in  the la b o ra to ry ,  nam ely 
bond fa i lu re  in  the a c tive  zone how ever th e o re tic a l expressions have been p resen ted  
fc rb o n d  fa i lu re  in  the re s tra in t  zone and o v e ra ll te n s ile  fa i lu re  of the  re in fo rc e m e n t. 
T h e o re tic a l and te s t re s u lts  showed reasonab le  agrem ent us ing  both the "d is c re te  
th e o ry "  , in  w h ich  the o v e ra ll e ffe c t o f in d iv id u a l re in fo rc in g  la y e rs  is  co n s id e re d , 
and the "com pos ite  th e o ry "  in  w h ich  an equ iva len t shear s tre n g th  is  com bined w ith  
conve n tion a l a n a ly s is . Assum ing the c la s s ic a l va lue  o f p = -  Y H ) fo r  an
u n re in fo rc e d  w a ll i t  is  foundvthat the d is c re te  and com posite th e o r ie s , equations (20) 
and (29) re s p e c t iv e ly ,  lead  to  an id e n tic a l re s u lt .
O bv iou s ly  a g re a t deal m ore re s e a rc h  is  n e c e s s a ry . Two v i ta l  questions co nce rn  
the shape and geom etry o f the fa i lu re  su rface  and the e ffec ts  o f s o il- re in fo rc e m e n t 
^ ip  on the average va lues o f adhesion fa c to rs . A ny la b o ra to ry  in v e s tig a tio n  o f j 
re in fo rc e d  c la y  w a lls  must f i r s t  ta ck le  the p rob lem  o f how to  b r in g  the  model w a ll 
to  fa i lu r e .  F o r  even modest undra ined  shear s tre ng th s  i t  w ould  appear tha t 
in d u c tio n  o f fa i lu re  by s e lf w e ight alone would re q u ire  the c o n s tru c tio n  o f a model 
se v e ra l m etres h ig h . T h is  suggests tha t c e n tr ifu g e  model te s tin g  may o ffe r  a 
unique s o lu tio n .
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FIGURE 5-4 STRESS-STRAIN CURVES - INCLINED SHEAR BOX TEST
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FIGURE 5-5  EFFECTS OF REINFORCEMENT INCLINATION
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FIGURE 5 -6  HORIZONTAL SHEAR BOX ADHESION FACTORS
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FIGURE 5 -8  RESULTS OF UNCONSOLIDATED - UNDRAINED
TRIAXIAL TESTS
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FIGURE 5-10 STRESS-STRAIN C U R V ES -P U LL-O U T TEST
FIGURE 511 GENERAL VIEW OF MODEL WALL APPARATUS
FIGURE 512 MODEL WALL WITH COMPACTION PLATE IN POSITION
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FIGURE 5-13 VERTICAL CUT WITH TENSION CRACKS
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FIGURE 5 -20  TYPICAL STRESS-STRAIN CURVES
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CHAPTER 6
TH E  E F F E C T S  OF CO M PACTIO N 
ON
C O N V E N TIO N A L AND R E IN F O R C E D  EAR TH  WALLS.
1 .0 SUMMARY
I t  is  w id e ly  recogn ised  tha t com paction of f i l l  behind ea rth  re ta in in g  s tru c tu re s  
can induce la te ra l e a rth  p re s s u re s  tha t v a ry  co n s id e ra b ly  in  m agnitude and 
d is tr ib u t io n  from  those p re d ic te d  us ing  c la s s ic a l ea rth  p re s s u re  th e o ry . T h is  
C hapte r p resen ts  a sim ple a n a ly tic a l method w h ich  re la te s  induced la te r a l e a rth  
p re ssu re s  to  the e ffe c tive  lin e  loa d in g  im posed by com paction p la n t. A lthough  
by no means d e f in it iv e , the method proposed p e rm its  a m eaningful assessm ent 
of com paction -induced  la te ra l p re s s u re s  w ithou t recourse to  com p lica ted  
m athem atica l m odels. P re d ic te d  p re s s u re s  a re  compared w ith  observed  
p re ssu re s  from  se v e ra l case h is to r ie s  and in  one case h is to ry  the pe rfo rm ance  
of a re ta in in g  w a ll is  com pared w ith  p re d ic tio n s  made using c la s s ic a l th e o ry  and 
the proposed method. A com parison  is  made between the fa c to rs  o f sa fe ty  
assumed to  e x is t in  conven tiona l w a ll design and those re s u lt in g  when com paction 
e ffe c ts  a re  taken in to  accoun t.
2 .0  IN T R O D U C T IO N
In  a re ce n t re v ie w , com m issioned by the B u ild in g  R esearch E s ta b lish m e n t, 
Ham bly (1977), i t  was found Uiat the c la s s ic a l e a rth  p re ssu re  th e o r ie s  o f Coulomb 
(1776) and Rankine (1857) a re  s t i l l  w id e ly  used by the p ra c tis in g  e n g in e e r. I ln  ;' 
b rid ge  abutment design i t  is  s t i l l  common p ra c tic e  to  use an ad hoc o r  " r u le  o f 
thum b" method. I t  was po in ted  out tha t a lthough new th e o r ie s  a re  being 
developed the u n p re d ic tab le  b eh a v io u r o f f i l l  makes i t  unreasonab le  to  app ly  m ore 
com plica ted  th e o r ie s . Tw o v e ry  p e rtin e n t po in ts  a r is in g  from the study w e re  the 
f u t i l i t y  o f in c o rp o ra tin g  re fin e m e n ts  to  ca lcu la tio n s  o f much g re a te r  apparent 
a ccu racy  than the assum ptions w a rra n t and the need to  make some assessm ent o f 
the e ffe c ts  o f compaction p lant on la te ra l e a rth  p re s s u re s .
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The in flu en ce  of com paction on la te ra l p re ssu re s  has been recogn ised  fo r .  
many y e a rs . Measurem ents o f e a rth  p re ssu re s  in  sand, Sow ers et a l (1957)» 
compacted in  a 1. 5m deep p it ,  and c la y  compacted behind a 1. 8m high w a ll 
dem onstra ted qu ite  c le a r ly  tha t re s id u a l la te ra l p re ssu re s  fo r  compacted 
so ils  g re a tly  exceed those p re d ic te d  by c la s s ic a l th e o ry . T h is  fin d in g  has 
been endorsed by measurement o f p re ssu re s  behind m ore su bs ta n tia l s tru c tu re s  
such as b rid g e  abutm ents, B rom s and In g le so n , (1971)» Jones and S im s, (1975), 
and la rg e  re ta in in g  w a lls ,  Sims et a l , (1970), Sims and Jones, (1974), C oyle  et 
a l (1974).
S eve ra l methods of a na lys is  have been p roposed , B ro m s ,.(1971), A ggour and 
B ro w n , (1974), in c lu d in g  the f in ite  element method, C a rd e r et a l,  (1977) w h ich  
g ives reasonab le  agreem ent between observed  and p re d ic te d  la te ra l p re s s u re s . 
H ow ever, such analyses a re  somewhat in t r ic a te  fo r  use as a d a y -to -d a y  design 
method.
3 .0  TH EO R Y -  WALLS M E E T IN G  TH E  M IN IM U M  D E FO R M A TIO N  R E Q U IR E M E N T
C la s s ic a l e a rth  p re s s u re  th e o rie s  define tw o  extrem e lim its  fo r  the la te r a l 
p re ssu re s  tha t can be developed in  a s o il mass; the ac tive  and the p a ss ive .
The la te ra l p re s s u re s  a re  taken to  be generated by g ra v ita tio n a l fo rc e s  and the 
shear s tre ng th  o f the s o i l .  I t  is  ta c i t ly  assumed tha t the re  is  s u ff ic ie n t la te r a l 
y ie ld  to  m o b ilize  th is  s tre n g th  fu l ly .
C on s ide ring  an element o f d ry  cohes ion less s o il at some depth z , then fo r  the 
ac tive  case
c r ' = K c r , = K Y z  ( i )cl  V  cl  o o o o o o o o # « o \ - * - /
T h is  co nd ition  is  re p re sen ted  in  a lv *"a ' j 1 p r in c ip a l s tre ss  space by p o in t a in  
F ig u re  1. I f  the v e r t ic a l e ffe c tive  s tre s s  is  now inc re ase d  by an amount Acrv' 
then p ro v id e d .th e re  is  s u ff ic ie n t la te ra l y ie ld
cr' „ = K (y.‘z + A ct’ ) (? )cl  V  • o o o o « o # « o o \ ^ /
Such a co nd itio n  is  re p re sen ted  by po in t b in  F ig u re  1.
I f  the in c re a se  in  v e r t ic a l e ffe c tive  s tre s s  is  t ra n s ito ry ,  when i t  is  rem oved the 
v e r t ic a l s tre s s  s u b s ta n tia lly  re c o v e rs  i t s  o r ig in a l va lue
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^  ^  — Y z  00000000000( 3)
A t the backface of the w a ll where f r ic t io n  may develop between the s o il and 
the w a ll the re c o v e ry  may on ly  be p a r t ia l . Jones (1973^ 1979)» has observed 
and re p o rte d  tens ion  fo rc e s  in  re ta in in g  w a ll stems induced by such p a r t ia l 
re c o v e ry .
In  the proposed a n a ly tic a l method i t  is  assumed tha t below  a c e r ta in  c r i t ic a l  
depth th e re  is  no re d u c tio n  in  the h o r iz o n ta l s tre ss  s ince i f  A a 1^  is  caused- 
by com paction p la n t, th e re *w il l be la te ra l s tra in s  induced-w h ich  a re  la rg e ly  
p la s tic  and th e re fo re  ir re c o v e ra b le .  In  e ffe c t the s o il is  taken to  be p re ­
co nso lid a ted , so le a v in g  a h igh re s id u a l la te ra l p re s s u re . Row e, (1954) has 
observed such a phenomenon d u r in g  tes ts  on model re ta in in g  w a lls .  U nder 
these co nd itio n s  the re s id u a l h o r iz o n ta l s tre s s  would be la rg e  enough to  cause 
fa i lu re  in  the s o il mass fo r  sm a ll va lues of T h is  s itu a tio n  is  re p re se n te d
by po in t d in  F ig u re  1. The id e a lise d  s tre ss  path shown is  s im ila r  to  tha t 
proposed by B ro m s , (1971), in  h is  co n s id e ra tio n  o f the e ffec ts  o f com paction 
in  u ny ie ld in g  w a lls .  O bv ious ly  a c r i t ic a l  va lue  o f in i t ia l  v e r t ic a l s tre s s  
(denoted c r ' ^  e x is ts  above w h ich  th e re  is  no fa i lu re .  T h is  s ta te  is  re p re sen ted  
by po in t c on the id e a liz e d  s tre s s  path in  F ig u re  1. S ince the in i t ia l  v e r t ic a l 
s tre ss  is  deemed to  be due to  ove rbu rden  a c r i t ic a l  d e p th ,z^ ,  can be defined 
such tha t
Y 2  — h i  o o o o o o o o o o o ( 4 )
I t  fo llo w s  from  Equation  (2) tha t
yz  = K 2 (y z  + ) o .ooooooooo(5 )
ct C V
F o r sm a ll va lues of z i t  may be assum ed, w ithou t s ig n if ic a n t e r r o r ,  tha t y z c 
is  n e g lig ib le  com pared to  A t f 'v , thus on rea rrangem ent E quation  (5) becomes
K 2 A c t1
a v ( r \
Z  _ — o o o o o o o o o o o V . t > /0 I
C o n s ide ring  o n ly  dead w e ight and v ib ra to ry  r o l le r s  a w o rk in g  a pp rox im a tion  
of the m agnitude and d is tr ib u t io n  of cr’ ^m ay be obta ined u s in g  e la s tic  th e o ry . 
Equation  (7 ) g ives the exp ress io n  d e rive d  by H o ll,  (1941), fo r  the d is tr ib u t io n  of
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v e r t ic a l s tre s s  v e r t ic a l ly  below  a lin e  load p at ground s u rfa c e .
Aaf =  2 p / t t z  ( r7 )y  +?* o o o « o o o o o o o \ (  /
In  the o r ig in a l so lu tio n  the lin e  load ing  was taken to  be in f in ite ly  lo n g . T h is  
is  b la ta n tly  not the case fo r  a r o l le r  w here any lin e  load would on ly  have a length  
equal to  the w id th  o f the r o l le r .
C lo s e r th e o re tic a l in v e s tig a tio n  shows tha t the leng th  o f the lin e  load  is  not 
as c r i t ic a l  as m ight be expected . C ons ide r f i r s t  the B ouss inesq , (1855)» 
e xp ress io n  for. the v e r t ic a l s tre s s  developed by a po in t load P on the su rface  
of a s e m i- in f in ite  e la s tic  h a lf space.
A c t' =  5 ( 8 )V  P ttR  • o o o o o o . o o o  W /
w here
R = ( x 2 + y 2 + z 5 ) 2
U sing the "m ethod o f im ages" , M ind lin  (1936), the gene ra l e xp ress io n  fo r  the 
v e r t ic a l s tre s s  behind a smooth r ig id  w a ll is  obta ined by in te g ra tio n  o f Equation  
(8) .  The va lue  o f y is  put to  ze ro  s ince i t  is  on ly  v e r t ic a l s tre sse s  developed 
v e r t ic a l ly  below  the ax is  o f the lin e  load  tha t a re  of in te re s t . T h is  leads to  
Equation  (9)
Act* =  -E.
V  TZZ
3 1 x= a+ l3x  x  ■
B  I o o o o o o o o o o o W
w here a is  the d is tance  between the r o l le r  and the back o f the w a lk
1 is  the w id th  o f the r o l le r .
T ak ing  the uppe r bound, when a = 0 g ives
( 10)A ct 1 = —2-v  nz
3 1 - 1 1  
R R3 o o o o o o o o o o o
On s u b s titu tin g  1 = oo Equation  (10) reduces to  
t o  < = &
V  7LZ
The v a r ia t io n  o f AtrJ w ith  r o l l  w id th  1 and depth z is  shown, in  F ig u re  2 , fo r  an 
a rb it r a r y  va lue  o f p o f lOOkN/m. As can be seen fo r  s u rp r is in g ly  modest r o l l
2 0 6
w id ths the va lue of ^0  1 ra p id ly  assumes tha t p re d ic te d  by Equation  (7 ). -As 
the depth z, in c re a se s  so does the r o l l  w id th  re q u ire d  to  give a constant va lue  
of , h ow eve r, th is  is  no im pedim ent s ince n a rro w  r o l l  w id ths  a re  associa ted 
w ith  r o l le r s  im posing low  in te n s ity  lin e  lo a d s . I t  w i l l  be shown tha t low  lin e  
load  in te n s it ie s  g ive  r is e  to  sm all va lues of c r i t ic a l  depth w here r o l l  w id th  
has le ss  e ffec t on the va lue o f Acr^1. C onverse ley  the h ig h e r in te n s ity  lin e  loads 
w h ich  g ive  r is e  to  h ig h e r va lues o f c r i t ic a l  dep th , a re  assoc ia ted  w ith  w id e r 
r o l le r s ,  O sborne , (1970). The p re d ic tio n s  made us ing  E quation  (7) show good 
agreem ent w ith  the m easured v e r t ic a l s tre s s  induced by a dead w e ight r o l le r ,  
W hiffen , (1954), F ig u re  3* F o r  v ib ra to ry  r o l le r s  i t  is  proposed tha t the lin e  
load ing  be d e r ive d  using an equ iva len t w e ight equal to  the *dead w e ight o f the 
r o l le r  p lus the c e n tr ifu g a l fo rc e  induced by the  r o l le r  v ib ra t in g  m echanism .
A com parison  between p re d ic te d  s tre sse s  and those m easured by Toom bs, (1972), 
is  g iven in  Tab le  1.
TA B LE  1: C O M PARISO N OF M EASU RED AND P R E D IC T E D  V E R T IC A L  P R E SS U R ES
ROLLER DEPTH OF ROLL MEAN OVERALL PREDI CTED PREDI CTED
• MEASUREMENT. PRESSUR E MEAN: PRESSURE • -HE AS UR ED
m m k N /  m k N /m kN / m
Front^ 
Front ^
490
130 450 483 495 1.02
BOMAG Front 510
BW200
1
Front
Rear
Front
260
290
300
320
303 248 0.82
75
Fron^
Rear
FrDbt
370
310 343 278 0.81
BOMAG 350
BW75S
Fron|*
Rear
Front
200
240
290
220
250 104 0.42
Both ro lls  vibrating 
2 Front ro ll only vibrating
F u r th e r  com parisons a re  shown in  F ig u re  4 w ith  s tre sse s  m easured by F o rs s b la d  
(1965) and F ig u re  5 w ith  s tre sses  m easured by D 'A ppo lon ia  et a l (1969). In  the 
la t te r  re fe re n ce  no data w e re  g iven on r o l le r  c e n tr ifu g a l fo rc e ; h ow eve r,
W hiffen has deduced tha t fo r  c e r ta in  v ib ra to r y  r o l le r s  the c e n tr ifu g a l fo rc e  is  
made equal to  the dead w e ig h t.
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The e xp ress ion  fo r  A o '^ in  Equation (7) may be substitu ted  in to  E quation  (2 ) .  
T ak ing  AcU ^•'fZ th is  becomes
2pKaA z o o o o o o o o o o o ( 1 1 )
S im ila r ly  the exp ress io n  fo r  the c r i t ic a l  depth becomes
z c K <v/ ( 2 p/ tt;y )9. 0 0 0 0 0 0 * 0 0 0 0 (12)
I t  is  w o rth  no ting  tha t from  E quations (7) and (12) the fo llo w in g  ra t io  is  obta ined 
at the c r i t ic a l  depth.
F rom  th is  i t  can be seen tha t fo r  a ty p ic a l g ra n u la r f i l l  the .neglect o f the Yzc 
te rm  in  E quation  (5) would lead  to  an e r r o r  g e n e ra lly  le ss  than 5%.
Now c o n s id e r a w a ll w here  f i l l  has been p laced to  fu l l  height w ith o u t com paction . 
F o r  the a c tive  co nd itio n  the fa m il ia r  l in e a r  s tre s s  d is tr ib u t io n  w ould be 
assumed. I.f the .surface  of th is  f i l l  was sub jected-to  co m p a c tio n ,la te ra l s tre sse s  
g iven by E quation  (11), would be induced d u r in g  com paction . D ue  to  fa i lu re  o f the  
s o il above the c r i t ic a l  dep th , z , the la te ra l p re ssu re  d is tr ib u t io n  a fte r  
com paction would be s im ila r  to  tha t shown by the so lid  lin e  in  F ig u re  6 . The 
maximum va lue  o f the h o r iz o n ta l s tre s s  tha t is  susta ined is  tha t deve loped at 
the c r i t ic a l  dep th . An e xp re ss io n  is  obta ined by com b in ing  E qua tions (11) and 
(12) whence
In  p rac tice  f i l l  is  p laced  and compacted s ta r t in g  from  the base o f th e  w a ll.  U nder 
these cond itions  the  p re s s u re  d is tr ib u t io n  shown in  F ig u re  6 is  repea ted  at each 
success ive  s o il la y e r .  D u rin g  th is  p rocess  po in t c (F ig u re  6) fo llo w s  a 
s tra ig h t lin e  locus thus d e fin in g  the p re s s u re  d is tr ib u t io n  shown in  F ig u re  7 .
I t  should be noted tha t as the he ight o f the compacted f i l l  is  in c re a se d  a 
c r i t ic a l  he igh t may be reached above w h ich  the conventiona l a c tive  p re s s u re  
exceeds the com paction -induced  p re s s u re . A t th is  c r i t ic a l  h e ig h t, denoted
K 2 ' 
P
0 0 0 * 0 0 0 0 0 * 0 (1 3 )
hm J ( 2py/tc O O O O O O O O O O O (1 4 )
R e a rra ng in g  E quation  (15)
h c = 1 /K a J  <2p M ) o o o o o o o « o » «
The re s u lt in g  p re s s u re  d is tr ib u t io n  fo r  th is  case is  shown in  F ig u re  8 .
3.1 CASE H IS T O R IE S  -W a lls  meeting the Minimum D e fo rm a tio n  R equ irem ent
The a p p lica tio n  o f the a n a ly tic a l method to  a va ilab le  case h is to r ie s  g ives 
p ro m is in g  re s u lts .
3.1.1 Grange M il l  Lane W all
The f i r s t  case h is to ry  re la te s  to  the Grange M il l Lane re ta in in g  w a ll on the Ml
m otorw ay n ea r R otherham 'as re p o rte d  by Sims et a l,  (1970), and Sims and Jones
(19 74). The te s t sec tion  o f the w a ll w h ich  was some 12.2m h igh was
ins trum en ted  w ith  la te r a l e a rth  p re ssu re  c e lls  attached to  the w a ll at depths
of 2 .9 m , 6 . 6m and 9 .0 m . The b a c k f il l , w h ich  was a cond itioned  p u lv e r is e d
fu e l ash (P F A ), was compacted by a S to th e rt and P it t  72T v ib ra to r y  r o l le r ,
Jones, (1978) , to  a d en s ity  o f a pp rox im a te ly  1.6M g/m  . E ffe c tiv e  sh ea r
s tre ng th  pa ram ete rs  fo r  the f i l l  w e re  -quoted as c 1 = 34 kN /m  , 0 = 2 5 ° . Based
on a genera ted lin e  loa d in g  of 93*7 kN /m  the above th e o ry  p re d ic ts  a maximum
2la te ra l p re s s u re  o f 3 0 .6  kN /m  . R e ference  'to F ig u re  9 shows tha t th is  va lue  
is  on ly  75% o f the o v e ra ll average o f the m easured p re s s u re s . T h is  p o o r 
p re d ic tio n  is  a lm ost c e r ta in ly  due to  the fa c t tha t the P FA  e xh ib ite d  some 
cohes ion . Some account may be taken of th is  by re w r it in g  E qua tion  (6) f o r  a 
f r ic t io n a l/c o h e s iv e  s o il.
S o lv ing  fo r  zc us ing  the quoted param ete rs  g ives a va lue  o f c r i t ic a l  depth o f 
0 . 21m w h ich  is  co n s id e ra b ly  le ss  than the va lue of 0 . 79m obta ined  by d ire c t
Equation (7) w h ich  in  tu rn  is  in c o rp o ra te d  in  the R a n k in e -B e ll equa tion - 
to  g ive  the maximum re s id u a l la te ra l p re s s u re .
Acr^ 1 = Kpyz + 2 c 1 -\/Kp o o « o o o o o o « o ;<(1 7 )
S u b s titu tin g  fo r  A a ^ ’fro m  Equation  (7) and re a rra n g in g  g ives
2c ' z+     c •  o o o * o » « o o « (18)
a p p lica tio n  o f E quation  (12). T h is  re v is e d  va lue of zc may be s u b s titu te d  in to
209
2
Evaluation of Equation (19) gives a maximum l a t e r a l  p r e s s u r e  of 70 .9kN/m
2
w h ich  is  in  c lo se  agreem ent w ith  the. maximum m easured va lue  of 7 2 .2 kN /m  .
As can be seen fro m  F ig u re  9 the magnitude and d is tr ib u t io n  of p o s itiv e  la te ra l
ea rth  p re s s u re s  g iven by the c la s s ic a l R a n k in e -B e ll equation a re  at co ns ide ra b le
va ria n ce  w ith  both the observed  and p re d ic te d  va lu e s . The s ig n ific a n c e  of these
v a rio u s  p re s s u re  d is tr ib u t io n s  is  m ore apparent when expressed  in  te rm s  o f the
bending moment developed at the base of the w a ll stem . These va lues a re  g iven
in  Tab le  2 to g e th e r w ith  the bending moment d e rive d  using the ru le  of thumb
design w h ich  assumes a f lu id  p ressure- developed by an im a g in a ry  l iq u id  having
3
a un it w e igh t o f 4 .7 k N /m  . I t  is  understood tha t the design  moment was
2designed us ing  a f lu id  p re s s u re  of 3 .1hkN /m  (3 0 ps f), Sims et a l (1970).
TA B LE  2: C O M PAR ISO N  OF B E N D IN G  MOMENTS -  GRANGE M ILL  LAN E WALL
BASI S  OF 
CALCULATI ON
APPROXI MATE BENDI NG  
MOMENT.  k N . m .
PERCENTAGE OF "MEASURED"  
BENDI NG MOMENT
Average measured pressures 3100 100
Rule of Thumb 1422 46
Ka Distribution 90 3
Published Design 950 31
Theoretical c’=0 (72T) 2131 69
Theoretical c'=34kN/m^ (72T) 5195 168
Since th e re  has been no fa i lu re  re p o rte d  i t  can on ly  be assumed tha t the w a ll was 
designed w ith  v e ry  su bs ta n tia l fa c to rs  o f sa fe ty .
3 .1 .2 C a n tile v e r W a ll.
The second case h is to ry  re la te s  to  the fa i lu re  o f a re in fo rc e d  co n c re te  c a n t ile v e r  
re ta in in g  w a ll,  In g o ld , (1979), ty p ic a l c ro s s -s e c tio n s  o f w h ich  a re  shown in  
F ig u re  10. G eo techn ica l p ro p e rtie s  o f the f i l l  w e re  dete rm ined  fro m  samples 
taken d u r in g  the in v e s tig a tio n  o f the fa i lu re .  A d e te rm ina tion  o f the w a ll 
f r ic t io n  c h a ra c te r is t ic s  was made using conso lida ted  d ra ined  shea r box te s ts  
w tth  co n c re te  cu t fro m  the w a ll p laced in  th e lo w e r h a lf o f the box and f i l l ,  
compacted at the a p p ro p ria te  m o is tu re  content and d e n s ity , in  the uppe r h a lf 
o f the b ox . D u rin g  the f i l l in g  ope ra tio n  the f i l l ,  w h ich  was s lig h t ly  sandy c la y  
and g ra v e l t i l l ,  was p laced s im u ltaneous ly  in  fro n t and behind the w a ll,  
com paction was by fo u r  passes of a S to th e rt and P it t  54T v ib ra t in g  smooth
w heel r o l le r .  F o llo w in g  com pletion  of f i l l in g  to  sections 3 to  9 (F ig u re  11 (a )), 
i t  was found tha t the top of the w a ll at section  6 was 93mm out o f p lum b. A 
su rve y  o f the w a ll re vea led  the de flec ted  fo rm  shown in  F ig u re  11. E xcava tion  
behind the w a ll at the po in t of maximum d e fle c tio n  revea led  a h o r iz o n ta l tens ion  
c ra c k  a pp ro x im a te ly  2mm wide ru n n in g  along the base o f the w a llm e a r  its  
ju n c tio n  w ith  the base s la b . A com parison  o f p re -  and p o s t- fa ilu re  le v e ls  
o f the base s lab  in d ica te d  tha t th e re  had been no ro ta tio n  o f the base slab i t s e l f .
A t the design stage the w a ll was ana lysed using an assumed angle o f shea ring
re s is ta n c e  of 35° w ith  ze ro  e ffe c tiv e  cohes ion . W all f r ic t io n  was taken to  be
z e ro  s ince  the w a ll in  o p e ra tio n  was to  be sub jec t to  v ib ra t io n .  T ak ing  the
g ro un d w a te r tab le  to  be at 3 . 4m ATBM  the e ffe c tiv e  e a r th ip re s s u re  d is tr ib u t io n
was dete rm ined  to  be tha t show n 'in  F ig u re  12(a). The re s u lta n t bending moment
at the base of the w a ll stem was 206 kNm c lo c k w is e , the stem was re in fo rc e d  to
give an u ltim a te  ca lcu la te d  moment o f re s is ta n c e  of app ro x im a te ly  315kNm. On
re a n a ly s is  ,*us ing  c la s s ic a l e a rth  p re s s u re  th e o ry  and the measured s o il pa ram e te rs
shown in  T ab le  3 5 the re s u lta n t bending moment was found to  be a m ere 12kNm
assum ing a fa c to r  o f sa fe ty  o f th re e  aga inst pass ive  fa i lu re .  The d is tr ib u t io n
of e ffe c tiv e  e a rth  p re s s u re  is  shown in  F ig u re  12(b). F o r  th is  a na lys is  a
va lue o f Kp o f 9 .0  was d e rive d  us ing  the ^ - c ir c le  method. A  check was made on
th is  va lue  by e x tra p o la tio n  fro m  the  c h a rts  pub lished  by Packshaw (1946). A
va lue o f K o f 10.5 was dete rm ined  in  a s im ila r  m anner, pc
TA B LE  3: G E O TE C H N IC A L P R O P E R T IE S  O F 'T H E  F IL L  M A T E R IA L
UNIT WEIGHT 21.2kN/m'
MOISTURE CONTENT 11.5%
PLASTIC LIMIT 16%
LIQUID LIMIT 25%
ANGLE OF SHEARING RESISTANCE 35.2°
EFFECTIVE COHESION 1.7kN/m^
ANGLE OF WALL FRICTION 32.0°
EFFECTIVE WALL COHESION 1.6kN/m^
DEGREE OF C0MPACTI0N(BS Heavy) 87.2%
DEGREE OF SATURATION 79.1%
The w a ll was f in a l ly  reana lyse d  us ing  the proposed method. I t  was deemed 
p e rm is s ib le  to  use e ffe c tive  s tre s s  ana lys is  in  th is  case s ince the in i t ia l  po re  w a te r
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p re s s u re s  and p o re w a te r p re s s u re  c o e ffic ie n ts  w ere  found to  be lo w . T es ts
c a r r ie d  out on samples o f recom pacted f i l l  0 . 5% wet and 0 . 5% d ry  of the mean
m easured m o is tu re  content in d ica te d  B va lues of 0 .2 ,  in  the p re s s u re  range
of ze ro  to  500kN /m  w ith  an average in i t ia l  p o re w a te r p re ssu re  o f ze ro
(F ig u re  13)* The p o re w a te r p re s s u re  c o e ffic ie n t A , at fa i lu re ,  was found
to  be in  the range - 0 .2  to  0 .1 , these va lues in d ica te  an A va lue in  the range
-0 .0 4  to  0 .0 2 . Com paction o f the f i l l  was achieved using a S to th e rt and P it t  54T
V ib ro l l  w ith  a r o l le r  w id th  o f 1.37m and an e ffe c tive  w eight o f 6 5 .5 k N . F o r
c a lc u la tio n  purposes a va lue  o f X o f 0.235  was used, th is  being the mean ofa
0.22  and 0.25  w h ich  was re s p e c tiv e ly  the K a va lues w ith  and w ithou t w a ll
f r ic t io n .  The re s u lt in g  va lue  o f c r i t ic a l  depth was 0.28m  w ith  a maximum
2h o r iz o n ta l p re s s u re  of 2 5 .6 k N /m  .
T he re  is  some doubt as to  the p ro p o rtio n  o f the fu l l  pass ive  p re s s u re  m o b ilized  
in  fro n t o f the w a ll.  The m easured h o r iz o n ta l movement, at ground le v e l,  was 
35mm w h ich  co rre sp on d s  to  a ro ta t io n  o f 0.01 ra d . F u ll pass ive  p re s s u re  fo r  
such a ro ta t io n  has been observed  by B rom s and In g le so n , (1971), fo r  dense f i l l  
and is  recommended by the South A fr ic a n  Code o f P ra c tic e  fo r  v e ry  s t i f f  c la y . 
H o w e ve r, the f i l l  in  fro n t o f the re ta in in g  w a ll v a r ie d  from  a so ft to  f irm  
co ns is te n cy . F o r  the fo rm e r co n s is te n cy  the South A fr ic a n  Code sta tes tha t a 
ro ta tio n  up to  0 .0 5  had is  re q u ire d  to  m ob ilize  fu l l  passive  p re s s u re . U sing  the 
g ra p h ica l c o n s tru c tio n  p re s c r ib e d  by the Code (F ig u re  14) i t  can be seen tha t a 
ro ta tio n  of 0.01 ra d  co rre sp on d s  to  a m ob ilize d  c o e ffic ie n t of e a rth  p re s s u re  of 
a pp rox im a te ly  5 . The p re s s u re  d is tr ib u t io n  re la t in g  to  th is  co n d itio n  is  shown 
in  F ig u re  15, to g e th e r w ith  the p re s s u re  d is tr ib u t io n  from  the proposed a n a ly s is . 
The re s u lta n t .bending moment o f 314 kNm is  a lm ost e xa c tly  equal to  the ca lcu la te d  
u ltim a te  moment o f re s is ta n c e  o f the w a ll stem .
To check fu r th e r  the m agnitude o f the ac tua l bending moment induced at the base 
of the stem , a bending moment was b a ck fig u re d  us ing  the m easured d e fle c tio n  at 
the top o f the w a ll.  C a lcu la tio n  was based on the assum ption tha t the w a ll 
de flec ted  as a propped c a n t ile v e r  as shown in  sec tion  6 . (F ig u re  11 '(c )) . F rom  
the mean cube strength o f the co ncre te  w h ich  was 25 .5N /m m ^ an e la s tic  modulus 
of 2 6 .3  kN /m m  was d e r ive d  u s in g th e .e m p ir ic a l re la tio n s h ip  g iven in  the Code 
of P ra c tic e  fo r  re in fo rc e d  c o n c re te , CP110, 1972. The second moment o f a rea
_o /
of the section  was found to  be 2 .3 7  x 10 m assum ing a c ra cke d  s e c tio n . The 
equ iva lent a rea  o f the te n s ile  s tee l was taken in to  account us ing  a m odu la r ra t io  
o f 7 . 6 , th is  being re la te d  to  the mean cube s tre n g th  by the e m p iric ism  g iven  in  
CP110. T ak ing  the m easured d e fle c tio n  of 93mm and a c a n t ile v e r  le n g th  o f 7 - 4m,
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the th e o re tic a l bending moment was ca lcu la te d  using the exp ress io n  
M = 3 E I6 /1 2
The re s u lt in g  b a ck fig u re d  bending moment o f 318 kNm agreed v e ry  c lo s e ly  w ith  
the ca lcu la te d  u ltim a te  moment o f re s is ta n ce  of 315 kNm . S ince tens ion  cracks 
w ere  observed  at the base of the w a ll stem i t  seems a reasonab le  assum ption 
tha t the ac tua l bending moment m ob ilized  was app rox im a te ly  300kNm . The 
bending moment o f 12 kNm c a lc u la te d  us ing  conven tiona l a na lys is  appears to  be 
at le a s t an o rd e r  o f magnitude in  e r r o r .  The ca lcu la ted  bending moment from  
the proposed method is  3T4 kNm w h ich  is  in  ex trem e ly  c lose  agreem ent w ith  the 
assessm ent of the bending moment a c tu a lly  m o b ilize d . S ince the p roposed 
method o f ana lys is  is  not r ig o ro u s  i t  is  obvious tha t the c lose  agreem ent between 
observed  and p re d ic te d  pe rfo rm ance  is  p u re ly  fo rtu ito u s . C o n ve rse ly  the 
p re d ic tio n s  made using c la s s ic a l th e o ry  a re  c le a r ly  in  g ross  e r r o r .
4 .0  THEORY -  R IG ID  WALLS AND A BU TM E N TS
Use of the c la s s ic a l e a rth  p re s s u re  th e o rie s  presupposes tha t the s tru c tu re  
under c o n s id e ra tio n  is  able to  meet the minimum defo rm ation  re q u ire m e n t to  
develop the a c tive  c o n d it io n . Data pub lished  in  the South A fr ic a n  Code o f 
P ra c tic e  ’ ’L a te ra l S upport in  S u b -su rfa ce  E xcava tio ns" in d ica te s  tha t ro ta tio n s  
in  the range 0.001 to  0.005  ra d ian s  a re  re q u ire d  to  m ob ilise  a c tive  p re s s u re s . 
R ig id  s tru c tu re s  o b v io u s ly  w ould not meet th is  requ irem en t , consequen tly  i t  
would appear m ore a p p ro p ria te  to  design fo r  e a rth  p re s s u re  at r e s t .  U nder 
these co nd itio n s  o f no la te ra l y ie ld ,  use.m ay be made of the c o e ff ic ie n t o f la te r a l 
e a rth  p re s s u re  at r e s t ,  K o , w h ich  may be approxim ated using the e m p ir ic a l 
re la tio n s h ip ; Ko = 1 -s in 0 ,! Jaky , (1944). The ru le  o f thumb method p re v io u s ly  
m entioned in v o lv e s  des ign ing  the w a ll/a bu tm e n t to  re s is t  the p re s s u re  genera ted  
by a f lu id  w ith  an equ iva len t u n it w e ight o f 301b /ft^  (4 .7  k N /m ^ ) . The method 
im p lies  tha t the p ro du c t o f the e a rth  p re s s u re  c o e ffic ie n t and the u n it w e igh t o f 
the s o il is  a co n s ta n t. The consequence o f th is  assum ption is  i l lu s t ra te d  in  
F ig u re  16, w h ich  shows p lo ts  o f Ko y  and Ka^ aga inst angle o f sh e a rin g  
re s is ta n ce  fo r  an assumed u n it w e ight o f f i l l  of 20 kN /m  . I t  can be seen tha t 
the ru le  o f thumb approach g ives acceptab le  re s u lts  fo r  the a c tive  co n d itio n  
in v o lv in g  good q u a lity  g ra n u la r  f i l l s .  H ow ever fo r  uny ie ld in g  s tru c tu re s  i t  
can be seen tha t the Ko p ressure  could  be some 50% to  100% h ig h e r than tha t 
p re d ic te d  by ru le  o f thum b. B o th  the th e o re tic a l and ru le  o f thumb approaches 
to  the design of r ig id  s tru c tu re s  ig n o re  the e ffec ts  o f com paction induced s tre s s e s .
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C lo s e r in sp e c tio n  of the th e o ry  presen ted  fo r  w a lls  meeting the minimum - 
de fo rm ation  re q u irem en t re v e a ls  the s im p lic ity  o f the a n a ly tic a l method to  
re vo lve  about the fa c t th a t, fo r  cohes ion less s o ils ,  the c o e ff ic ie n t o f a c tive  
e a rth  p re s s u re  is  the re c ip ro c a l o f the c o e ffic ie n t of pass ive  e a rth  p re s s u re .
A s im ila r  la w  o f re c ip ro c ity  has been postu la ted  by Rowe, (1954), fo r  
cohes ion less s o ils  re ta in e d  by r ig id  u ny ie ld in g  w a lls  w h e re K o ', the c o e ff ic ie n t 
o f la te ra l e a rth  p re s s u re  at re s t d u rin g  un load ing , is  approxim ated  to  the 
re c ip ro c a l o f Ko . B rom s (1971), has used th is  approx im ation  to  fo rm u la te  an 
id e a lise d  s tre s s  path s im ila r  to  tha t shown in  F ig u re  1. On re w o rk in g  the bas ic  
th e o ry  the fo llo w in g  c a rd in a l re s u lts  a re  obta ined .
z c K O  ( 2 p / T t Y )  . o o o o o o o o o o o (  2 0 )
o  ^ ^ R p y / ^ t )  0 0 0 0 0 0 0 0 0 0 0 ( 2 1 )
h c = l /K o  v t 2p / 7iy )  00000. 00000( 22)
4.1 C ASE H IS T O R IE S  -  R ig id  W alls and Abutments
F iv e  case h is to r ie s  a re  co n s id e re d . I  i f  each ins tance  a b r ie f  d e s c r ip t io n  is  
g iven o f the s tru c tu re  in vo lved  tog e the r w ith  in fo rm a tio n  on the method o f p lacem ent 
and com paction  o f the f i l l .  M easured la te ra l e a rth  p re s s u re s  a re  p lo tte d  aga ins t 
depth o f f i l l  above the base of the abutment o r  w a ll.  On the same d iagram  is  
p lo tte d  the at re s t e a rth  p re s s u re , denoted by K o , and the p re s s u re  
d is tr ib u t io n  re s u lt in g frc m th e  proposed th e o re tic a l method. Where a p p ro p r ia te  
the ru le  o f thu m b .p ressu re  d is tr ib u t io n  is  added. A pp rox im a te  bending m om ents 
a re  eva lua ted  at the base of the w a ll/a bu tm e n t us ing the m easured p re s s u re s  and 
those d e r iv e d  us ing  c la s s ic a l th e o r ie s ,th e  proposed th e o ry  and ru le  o f thumb when 
a p p ro p r ia te . The p re d ic te d  moments a re  expressed  both as a percen tage  o f the 
"m easured  "  mom ents, and as a percentage of the Ko moment.
4 .1 .1 . N o rth  .1 figs In te rch a ng e  Abutm ents
M easurem ent o f la te ra l e a rth  p re s s u re  ac ting  on the abutment and w ing  w a lls  to  
the in te rcha n ge  b rid g e s  was re p o rte d  by Jones and S im s, (1975). The tw o  b rid g e s  
in vo lved  connect the M18 m otorw ay w ith  the Scunthorpe sp u r on T ho rne  B y -p a s s . 
The abutments o f both the n o rth  and south b ridgesa re  to  a ll in te n ts  and :• purposes 
id e n t ic a l.  A  ty p ic a l c ro s s -s e c t io n  o f an abutment and e le va tio n  o f a w ing  w a ll 
a re  given in F ig u re  17 w h ich  a lso  in d ica te s  the p o s itio n  o f the e a rth  p re s s u re  c e l ls .
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The abutments, which are  cons ide red  r ig id ,  were  designed in  accordance w ith
standard  p ra c tic e  to  w iths tand  an equ iva len t f lu id  p re ssu re  generated by-a
q* q
f lu id  w ith  a un it w eight o f 301bs/ft (4 .7 k N /m  ) p lus an HB su rc h a rg e . The
abutm ents, to  the south b rid g e  w ere  f i l le d  w ith  B un te r Sandstone w h ich  once
excavated b ro ke  down to a fin e  sand. T h is  f i l l  was p laced by sc ra p e rs  in
150mm la y e rs  w ith  com paction by sheepsfoot r o l le r s  o r  g r id  ro l le rs  and o c c a s io n a lly
by v ib ra t in g  r o l le r s .  L a b o ra to ry  te s ts  on th is  f i l l  ind ica ted  a maximum d ry
3un it w eight o f 17 .2kN /m  at a 6% m o is tu re  con ten t. The n o rth  b rid ge  abutments 
w ere  b a c k fil le d  using  a s ite  produced lim e s to n e /B u n te r sandstone C lass  A f i l l .
The f i l l ,  w h ich  was compacted by v ib ra t in g  r o l le r s  o n ly , ach ieved an average 
d ry  un it w e ight o f 18.5'kN/m  at a m o is tu re  content o f 1%. F ig u re  18 shows the 
magnitude and d is tr ib u t io n  o f the  average m easured la te ra l p re s s u re s  fo r  both 
b rid g e s .
In  c a lc u la tin g  the Ko and com paction induced la te ra l p re ssu re s  an average  b u lk  
we ight o f 19 .2kN /m  was take n . The angle o f shea ring  re s is ta n c e  o f the  f i l l  was 
thought to  be in  the range 35°  to  4 0 ° , th e re fo re  an average va lue  o f 37 . 5°  was 
assum ed. No data w e re  g iven  on the v ib ra to ry  r o l le r s  used th e re fo re  c a lc u la tio n s  
w ere  c a r r ie d  out us ing  tw o l ik e ly  s izes  o f r o l le r ,  f i r s t ly  a S to th e rt and P it t  T182 
g iv in g  an equ iva len t lin e  load  o f 104 .7kN /m  and secondly a S to th e rt and P i t t  T208 
g iv in g  an equ iva len t lin e  load  o f 212 .4kN /m . The re s u lt in g  p re s s u re  d is tr ib u t io n s  
to g e th e r w ith  the ru le  o f thumb d is tr ib u t io n s  a re  shown in  F ig u re  18. Tab le  4 
sum m arises the bending moments ca lcu la te d  us ing  the va rio u s  assum ptions. I t  
can be seen tha t in  th is  case the ac tua l bending moment developed was a pp ro x im a te ly  
th re e  tim es la rg e r  than tha t p re d ic te d  us ing  the ru le  o f thumb d es ign , and tw ic e  
as la rg e  as tha t p re d ic te d  us ing  the JC p re s s u re  d is tr ib u t io n .  The p roposed 
th e o re tic a l method g ives 77% and 99% o f the "m ea su re d " bending moment fo r  T182 
and T208 r o l le r s  re s p e c t iv e ly .
TA B LE  4 C O M PAR ISO N  OF B E N D IN G  M O M ENTS, NORTH IN G S  IN T E R C H A N G E
A BU TM E N TS
BASIS OF 
CALCULATION
APPROXIMATE BENDING 
MOMENT. kN.m.
PERCENT AGE OF 
"MEASURED" BENDING 
MOMENT
MOMENT RATIO AS 
PERCENTAGE OF Ko 
MOMENT
AVERAGE MEASURED 
PRESSURES 2000 100 202
RULE OF THUMB 620 31 63
Ko DISTRIBUTION 990 50 100
Ka DISTRIBUTION 615 31 62
THEORETICAL(T182) 1537 77 155
THEORETICAL (T208) 1972 99 199
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4 . 1 .2 . Loudw ate r V iaduc t Abutment.
The M40 M otorw ay c ro sse s  the R iv e r Wye sou th -east of H igh  Wycombe on the 
Loudw ate r V ia d u c t. A t the eas te rn  end of the v ia d uc t the abutment to  the 
west bound c a rr ia g e w a y  is  s taggered some 13m back from  the abutment to  the 
east bound c a rr ia g e w a y . The tw o abutments a re  jo ined  by a c e n tra l re tu rn  
w a ll '1 2 .8m long  and 11m h ig h . An abutment p lan and w a ll c ro s s -s e c tio n  a re  
shown in  F ig u re  19. F i l l  p rocedu re  and p re s s u re  m easurem ent w e re  re p o rte d  
by W ilson and P im le y  (1971)* The abutment and w a ll w ere  f i l le d  w ith  hopper 
ash from  B a tte rs e a  P ow er S ta tio n , the f i l l  being p laced in  la y e rs  up to  200mni
th ic k  and com pacted by 6 to  8 passes o f a Bomag BW90, T R R L, (1978). The
- * 3P F A  was com pacted to  an average bu lk  u n it w e ight of 13.2 kN /m  . As
expected the  shea r s tre n g th  pa ram ete rs  fo r  the P F A  w ere  found to  be tim e
dependent, h o w e ve r, fo r  the p e rio d  under c o n s id e ra tio n  the P F A  had an
average und ra ined  angle o f shea ring  re s is ta n ce  o f a pp ro x im a te ly  4 0 ° . Due to
the lo w  degree o f sa tu ra tio n  in  the P F A  the d ra ine d  and und ra ined  angle o f .
shea ring  re s is ta n c e  a re  assumed to  have the same m agnitude. L a te ra l e a rth
p re s s u re s  w e re  m easured aeing f iv e  load c e lls  tha t w ere  between 4 . 9m and 10. 4m
below  fin is h e d  road  le v e ls .  Measurement of la te ra l w a ll movement in d ica te d  tha t
the w a ll was s u b s ta n tia lly  r ig id .  L a te ra l p re ssu re s  co rre sp o n d in g  to  the fu l ly
ac tive  c o n d itio n  w ith in  the f i l l  w ere  determ ined by W ilson and P im le y  using
the a n a lys is  due to  B e l l ,  (1915) » expressed  in  te rm s of 0 ucu . The re s u lt in g
c a lc u la tio n  in d ica te d  tha t th e re  would be no^positive  p re s s u re  a c tin g  on the w a ll
i f  the shea r s tre n g th  o f the  P F A  was fu l ly  m o b ilize d . The e a rth  p re s s u re  c e l ls ,
how eve r, re c o rd e d  s ig n if ic a n t la te ra l p re ssu re s  at a l l  depths w ith in  the f i l l  and
these w ere  g e n e ra lly  in  excess o f the va lues used fo r  the d e s ig n . M easured
p re s s u re s  fo r  f i l l  at 9m and 11m above the base o f the w a ll a re  shown in  F ig u re s
2Qa and 20b re s p e c t iv e ly .  A t re s t p re ssu re s  and those g iven by the proposed
th e o ry  a re  a lso  show n. I t  was found, in  th is  in s ta n ce , tha t the Ko p re s s u re s
and those d e r iv e d  fro m  ru le  cf thumb w ere  id e n t ic a l.  No "m e a su re d " bending
moment was eva lua ted  fo r  the f i l l  at fu l l  he igh t s ince  the h ighest c e l l ,  c e ll N o . 8 ,
F ig u re  20b, was a lm ost f iv e  m etres below  fin is h e d  road  le v e l.  E x tra p o la tio n
o f the la te r a l p re s s u re s  o ve r th is  d is tance  would  be h ig h ly  u n re lia b le . H o w e ve r,
the m easured e a rth  p re s s u re s  fo r  the 9m th ickne ss  of f i l l  w e re  e x tra p o la te d ,
F ig u re  20a. The poo r agreem ent between the th e o re tic a l and'measured p re s s u re s
is  a lm ost c e r ta in ly  due to  the development o f a pseudo cohesion by p ozz lan ic
action  in  the  P F A . A summary of the bending moments at the base o f the w a ll
isg ive n  in  T ab le  5 . On th is  occasion  the Ko and ru le  o f thumb bending moments
a re  in  exact agreement how ever the "m easu red " bending moment is  a p p ro x im a te ly
2 1 6
double tha t p re d ic te d  by these m ethods. The proposed th e o ry  ind ica tes- 
a bending moment tha t is  73% of tha t a c tu a lly  re a lis e d .
TA B LE  5 C O M PARISO N OF B E N D IN G  MOMENTS -  LOUDWATER V IA D U C T  
A BU TM E N T
BASIS OF APPROXIMATE BENDING PERCENTAGE OF MOMENT RATIO AS
CALCULATION.'- MOMENT. kN.m. "MEASURED" BENDING PERCENTAGE OF Ko
MOMENT MOMENT
Extrapolated measured 
Pressures 1095 100 191
Rule of Thumb 571 52 100
Ko Distribution .-■573 52 ' 100
Ka Distribution 0 0 0
Theoretical (BW90) 803 73 140
4 .1 .3 . E4 M otorw ay B rid g e  Abutment
T h is  case h is to ry  re la te s  to  the sou thern  abutment o f a b rid g e  c a r ry in g  the E4 
S tockho lm /S Q derta lje  M otorw ay o v e r a depressed roundabou t. The fro n t w a ll o f 
each abutm ent, w h ich  is  app ro x im a te ly  30m long  , is  supported  on r ig id  cast 
in  p lace co n c re te  p ie rs  and is  thus u n y ie ld in g . A ty p ic a l c ro s s -s e c tio n  o f the 
abutment w a ll is  g iven in  F ig u re  21 to g e th e r w ith  the p o s itio n  of the load c e lls  
w hich w e re  p laced  in  tw o  v e r t ic a l colum ns each a p p ro x im a te ly  8m in  from  each 
end of the abutment w a l l .  B a c k f i l l  was a un ifo rm  sand la id  in  520mm th ic k  
la y e rs .  Com paction was by ten passes of a 37*9kN  v ib ra to ry  r o l le r .  The 
re p o r te rs  B rom s and Ing le so n  (1971) quote the f i l l  as having an average d ry  un it 
w e ight o f l6 .3 k N /m  at a m o is tu re  content o f 5*4% . D ra ined  shea r box te s ts  
w ere  used to  de te rm ine  the angle o f sh ea ring  re s is ta n c e  w h ich  was g iven  as 33° •  
A p lo t o f the measured e a rth  p re s s u re s  to g e th e r w ith  the A u th o r 's  in te rp re ta t io n  
of the p re s s u re  d iagram  is  g iven  in  F ig u re  22 . No data cou ld  be lo ca ted  fo r  a 
37 .9  kN v ib ra to r y  r o l le r ,  consequently  an average lin e  load  was taken  basedon 
the a va ila b le  data fo r  a C la rk  CV40 w ith  a dead w e ight o f 39*2kN  g iv in g  a lin e  
load  of 8 4 .5 kN /m  and a v ib ro -V e rk e n  CH32 w ith  a dead w e ight o f 32 .4kN  g iv in g  
a lin e  load  o f 7 6 .4 k N /m . The re s u lt in g  p re s s u re  d is tr ib u t io n  us ing  the 
proposed th e o ry  is  in c luded  in  F ig u re  22. The summary o f bending moments is  
g iven in  T ab le  6 fro m  w h ich  i t  can be seen tha t the ru le  o f thumb method p re d ic ts  
on ly  28% o f the bending moment re a lis e d . The proposed method in  th is  case 
overes tim a tes  the ac tua l bending moment by 43%*. T h is  may be due in  p a r t to  the
2 1 7
use of a sm all 3kN v ib ra to ry  com pacto r on ly  fo r  com paction im m ed ia te ly  behind 
the w a ll.  Due to  the c o m p a ra tive ly  sha llow  depth of f i l l  the e ffe c ts  o f the 
37«9kN v ib ra to ry  r o l le r ,  used fu r th e r  back behind the w a ll,  would not be fu l ly  
re a l is e d .  The e ffe c ts  o f m oving the r o l le r  away from  the w a ll w i l l  be given 
fu r th e r  c o n s id e ra tio n .
TA B LE  6 : CO M PAR ISO N  OF B E N D IN G  MOMENTS -  E 4 MOTORW AY B R ID G E  
ABU TM E N T
BASIS OF APPROXIMATE BENDING PERCENTAGE OF MOMENT RAIO AS
CALCULATION MOMENT kN.m. "MEASURED"BE NDING PERCENTAGE OF Ko
MOMENT MOMENT
100 217
28 60
46 100
29 63
143 477
4 .1 .4 .  T .R .R .L .  E xpe rim en ta l W all (C ohesion less F i l l )
The fo u rth  case h is to ry  re la te s  to  the expe rim en ta l w o rk  c a r r ie d  out at the  T .R .R .L .  
and re p o rte d  by C a rd e r et a l >(1977). In  v ie w  of the co m p a ra tive ly  id e a l 
dond itions  under w h ich  th is  w o rk  wa's c a r r ie d  out th is  case h is to ry  is  co n s id e re d  
to  be m ore m eaningfu l than those p re v io u s ly  c ite d . The fa c i l i t y  at the L a b o ra to ry  
com prises  tw o in s trum en ted  re ta in in g  w a lls  2m h igh and some 6m lo n g . One of 
these w a lls  is  fo rm ed  from  ad jus tab le  m etal panels w h ile  the o th e r w a ll is  
co n s tru c te d  from  one m etre  th ic k  re in fo rc e d  concre te  to  g ive  a h igh degree  o f 
r ig id i t y .  A c ro s s -s e c t io n  o f the e xpe rim en ta l w a ll fa c i l i t y  is  g iven in  F ig u re  23. 
Tw o s e r ie s  of tes ts  w ere  c a r r ie d  out us ing  th is  fa c i l i t y  , one em ploying 
cohes ion less f i l l  and the o th e r us ing  cohesive  f i l l .
In  the f i r s t  s e rie s  of te s ts  the b a c k f il l was a u n ifo rm ly  graded washed sand ’ The 
sand was sp read  and com pacted in  150mm th ic k  la y e rs  behind both w a lls  to  a f in a l 
height o f 2 m e tre s . Com paction was by s ix  passes of a Bomag BW90 tw in  r o l l  
v ib ra to ry  r o l le r  w ith  deadweight o f 1.2M g, C a rd e r (1979) w h ich  was not a llo w e d  
c lo s e r than 0.15m from  the w a lls .  In s itu  m easurements on the com pacted f i l l  
gave an average  m o is tu re  content and bu lk  d en s ity  o f 10.5% and 2 .0  Mg/m
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Extrapolated measured 
Pressures • 65
Rule of Thumb 18
Ko Distribution 30
Ka Distribution 19
Theoretical (CV40/CH32) 93
re s p e c tiv e ly , m e  lin e  ioaa p genera ted oy tne r o l le r  was K N /m . th is
fig u re  was dete rm ined  us ing  an equ iva len t w eight of 71.6 kN w h ich  is  the sum of
the 11.8 kN deadweight and 5 9 .8kN  c e n tr ifu g a l fo rc e  developed by the v ib ra t in g
m echanism . The r o l le r  was equipped w ith  double ro l ls  each 0 .9m  w ide thus
g iv in g  an e ffe c tiv e  r o l l  w id th  o f 1 .8m . The c r i t ic a l  depth was ca lcu la te d  ta k in g
the at re s t  c o e ff ic ie n t,  K , as p re s c r ib e d  by Brom s (1971) to  be 0 .3 7 . T h is
va lue was d e r iv e d  us ing  Jaky 's  equation (1944) and the pub lished  f r ic t io n a l angle
of 3 9 ° . The re s u lt in g  c r i t ic a l  depth o f 0 .42m  co rresponds  to  a maximum ca lcu la te d
2
la te ra l p re s s u re  o f 2 2 .3  kN /m  . A com parison  between observed  and p re d ic te d  
la te ra l p re s s u re s  fo r  the co n c re te  w a ll is  g iven in  F ig u re  24* The re a d e r is  
rem inded tha t E qua tion  14 is  an upper bound so lu tion  w h ich  assumes tha t the r o l le r  
is  ha rd  up aga ins t the back o f the w a ll,  i . e .  a =0. As can be seen th e re  is  
reasonab le  agre'ement except in  the lo w e r h a lf o f the w a ll where the m easured 
va lues decrease  s lig h t ly  w ith  dep th . T h is  decrease is  thought to  be p a r t ly  due 
to  the  fa c t tha t the r o l le r  was kept 0 .15m away from  the w a ll.  I f  a llow ance  was 
made fo r  th is  fa c t the ca lcu la te d  la te ra l p re s s u re  would be decreased  by 
app rox im a te ly  12%. Good agreem ent e x is ts  at depthsless than the c r i t ic a l  depth 
where the slope of the p re s s u re  d iagram  is  equal to  the c o e ff ic ie n t o f e a rth  
p re ssu re  at re s t fo r  u n load ing , K 1, Rowe (1954) B rom s (1971). A ls o  shown fo r  
com parison  is  the  "a t  r e s t "  p re s s u re  d is tr ib u t io n  tog e the r w ith  the  re s u lts  o f a 
f in ite  element a n a lys is  c a r r ie d  out at the L a b o ra to ry . The bending moments 
d e rive d  us ing  v a r io u s  methods of c a lc u la tio n  a re  g iven in  Tab le  7 . Y e t again the 
ru le  of thumb and "a t r e s t "  p re s s u re  d is tr ib u t io re  g ive  r is e  to  a se rio u s  u n d e r­
e s tim a tio n . The p roposed  th e o re tic a l method and the F .E .  a n a lys is  agree  w ith  
one ano the r to  w ith in  5% h o w e ve r, they both overestim ate  the ac tu a l bending 
moment by a pp ro x im a te ly  30%.
TA B LE  7: C O M PAR ISO N  OF B E N D IN G  MOMENTS -  T .R .R .L .  WALL
(C ohes ion less F i l l )
BASIS OF 
CALCULATION
APPROXIMATE BENDING 
MOMENT. kN.m.
PERCENTAGE OF 
"MEASUREd’BENDING 
MOMENT
MOMENT RATIO AS 
PERCENTAGE OF Ko 
MOMENT
Average Measured 
Pressures 26.4 100 269
Finite Element 
Analysis 33.9 128 346
Rule of Thumb 6.3 24 64
K Distribution  0 9.8 37 . 100
K Distribution  a 6.0 23 61
Theoretical (BW90) 35.6 135 363
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4 .1 .5 . T .R .R .L .  E xpe rim en ta l W all (C ohesive  F i l l )
The second case h is to ry  re la t in g  to  the T .R .R .L .  w a ll fa c i l i t y  in vo lve s  the 
use of a cohesive  f i l l .  The f i l l  w hich was a s i l ty  c la y , liq u id  l im it  42%., 
p la s tic  l im it  17%» was compacted in  125mm th ic k  la y e rs  us ing  s ix  passes of a 
G reens G r if f i  n D R X 2 | th re e  po in t smooth wheeled r o l le r .  D u rin g  th is  ope ra tio n  
the r o l le r  was not a llow ed  w ith in  0.10m o f the w a ll.  In s itu  te s ts  showed the
3
average m o is tu re  content and bu lk  d en s ity  o f the f i l l  to  be 18.7% and 2 .0M g /m
re s p e c t iv e ly .  Due to  the co m p a ra tive ly  low  average degree of- s a tu ra tio n  of
the f i l l  o f 7 9 *7% i t  was thought p e rm iss ib le  to  app ly the p roposed th e o ry  w h ich
is  o f co u rse  quoted in  te rm s o f e ffe c tive  s tre s s . R eference to  the case h is to ry
c ite d  in  3 . 1 . 2. shows tha t fo r  a s im ila r  c la y  f i l l ,  l iq u id  l im it  25%, p la s tic  l im it
16% and degree o f s a tu ra tio n  79-1% the p o re w a te r p re ssu re  pa ram e te r A  was
in  the range  -0 .0 4  to  0 .0 2 . Thus co m p a ra tive ly  sm all c o n s tru c tio n  p o re w a te r
p re s s u re s  w ere  gene ra ted . On th is  assum ption the maximum la te r a l e a rth
2p re s s u re  was ca lcu la te d  to  be 21.9kN /m  . The c r i t ic a l  depth ta k in g  Ko to .be  
0 .4 6  was 0.49m . A com parison  of p re d ic te d  and observed  re s u lts  is  g iven  in  
F ig u re  25 . As can be seen the proposed a n a ly tic a l method unde res tim a tes  the 
observed  v a lu e s . T h is  is  a lm ost c e r ta in ly  due to  the gene ra tion  o f h ig h e r 
p o re w a te r p re s s u re s  than a n tic ip a te d . To some extent th is  no tion  is  borne  out 
by the fa c t tha t a fte r  d is s ip a tio n  o f excess p o re w a te r p re s s u re  had o c c u rre d  the 
la te ra l p re s s u re  d is t r ib u t io n  had fa lle n  v e ry  c lose  to  the at re s t  c o n d it io n . A lso  
shown on F ig u re  25 fo r  com parison  is  the conven tiona l at re s t la te r a l p re s s u re  
d is tr ib u t io n  to g e th e r w ith  the re s u lts  of an e la s tic  a n a ly s is , ta k in g  account of 
change in  p o re w a te r p re s s u re s ,c a rr ie d  out rat the T .R .R .L .  (1970). A  
com parison  o f bending moments is g iven in  Table8 fro m  w h ich  i t  can be seen tha t 
the p roposed  method and the F .E .M .  agree to  w ith in  8% and p re d ic t 86% a n d 93% 
re s p e c tiv e ly  o f the  ac tua l bending moment m o b ilise d . A ga in  the at re s t  and ru le  
o f thumb methods g ive  g ross  unde res tim a tions .
5 .0  T H E  E F F E C T S  OF ROLL TO  WALL D IS T A N C E
The th e o ry  p resen ted  in  S ections 3 .0  and 4 .0  leads to  an upper bound so lu tio n  
s ince the d is ta n ce , a , between the r o l le r  and the back of the w a ll was taken  to  
be z e ro . The e ffe c ts  o f n o n -ze ro  va lues o f a may be in ve s tig a te d  by us ing  the 
in te g ra te d  B oussinesq  eqaution in  the fo rm  shown in  equation (23)
4cr ' = ^ R  [  3a -  a3 I
Ttz [  R R3 J (2 3 )V  TZZ O O O O O O O O O O O O O O O
Where R = (a^ + z 2
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TA B LE  8: C O M PAR ISO N  OF B EN D IN G  MOMENTS -  T .R .R .L .  WALL 
(C ohesive  F i l l )
BASIS OF 
CALCULATION
APPROXIMATE BENDING 
MOMENT. kN.m. •
PERCENTAGE OF 
"MEASURED" BENDING 
MOMENT
MOMENT RATIO AS 
PERCENTAGE OF 
Ko MOMENT
Average measured.. 
Pressures 39.6 100 322
Finite Element 
Analysis 36.8 93 299
Rule of Thumb 6.3 16 51
Ko Distribution 12.3 31 100
Ka Distribution 8.0 20 65
Theoretical
(DRX2£) 34.0 86 276
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T h is  somewhat in tra c ta b le  e xp ress ion  is  best dea lt w ith  by p lo ttin g  no rm a lise d
in  F ig u re  26 . To p reven t in frin ge m e n t o f the M ohr-C oulom b fa i lu re  c r i te r io n  
fo r  cohes ion less  s o il i t  is  necessa ry  to  im pose the l im it  expressed  in  equation  (24)
T h is  re qu irem en t may be in c o rp o ra te d  in  the no rm a lised  p lo t by in tro d u c in g  the 
no rm a lised  c o e ff ic ie n t KpP y / p ,  o r  y / p ,  as a second p rd in a te  a x is ,  T h is  tra n s fo rm s  
F ig u re  26 in to  a s im ple nom ograph. As a num erica l example c o n s id e r the  case 
h is to ry  c ite d  in  S ection  4 .1 .4  fo r  va lues of a o f z e ro  and 0.1m .
In  th is  p a r t ic u la r  example fo r  in c re m e n ta l r o l le r  d is tances g re a te r  than 0 . 1m the 
maximum va lue  o f A c r '/p  read  d ire c t ly  fro m  the a p p ro p r ia te  c u rv e .
D u rin g  the in v e s tig a tio n  of the above case h is to ry  the T .R .R .L .C 1976) c a r r ie d  out 
a f in ite  element a na lys is  to  eva luate  la te ra l e a rth  p re ssu re s  induced w ith  the 
r o l le r  at d is tances of 0 .15 , 0 .3 0  and 0.55m  from  the back of the w a ll.  I t  is  
use fu l to  com pare these re s u lts  w ith  those obta ined from  a B ouss inesq  a n a ly s is . 
Such an a n a lys is  is  p resen ted  in  F ig u re  27 w here  the ac tua l r o l l  w id th  o f 0 .9m  
has been used. F o r  com pleteness the F ig u re  in c ludes  the v e r t ic a l s tre s s  
d is tr ib u tio n  fo r  ze ro  w a ll d is tance  and in f in ite  r o l l  w id th . I t  can be seen tha t
v e r t ic a l s tre ss  in c re a s e , Aa^V/p fo r  v a r io u s  va lues of a, against depth as shown
Ka A c r 1 ^  Kpyz 0 0 0 0 0 0 0 0 0 0 0 0 0 0 * 0 (24a)
Kp? yz
( 24b )o o o o o e o o o o o o o o o o
P P
i)  p = 3 9 .8  kN /m  K o»2 y /p  = 3»6
i i )  D raw  a lin e  from  the o r ig in  to  K o |5y /p  = 3 06
i i i )  P ro je c t v e r t ic a lly  upw ards from  the in te rs e c tio n  p o in ts  of 
the above lin e  and the cu rve s  fo r  a = 0 and a = 0 . 1m.
iv )  V a lues o f / to ^ '/^ o f  1.51 and 1.13 re s p e c tiv e ly  a re  ob ta ined .
v ) The maximum h o r iz o n ta l s tre s s  is  then KoAcr^ 1 i 0e 0
a) 0 .37  x 1.51 x 3 9 .8  = 2 2 .3  k N /m 2
b) 0 .37  x 1.13 x 3 9 .8  = 16.6 k N /m 2
2 2 2
the assum ption of in f in ite  r o l l  w id th  leads to  a d iffe re n ce  of 3% in  the ca lcu la te d  
va lues of maximum la te ra l p re s s u re . F igures 28 shows the re s u lt in g  v a r ia t io n  
of la te ra l p re ssu re  w ith  r o l le r  d is tance  fo r  both the Boussinesq and f in ite  
element a n a ly s is . As can be seen the Boussinesq ana lys is  shows a d ub ious ly  
ra p id  decrease in  p re s s u re  w ith  d is tance  . A poss ib le  exp lana tion  fo r  th is  
beh a v io u r is  shown in  F ig u re  29 w h ich  p resen ts  a v e ry  crude  wedge a na lys is  of 
the e ffec ts  o f a su rch a rge  o f in te n s ity  s kN /m  at the upper su rface  of a body 
o f w e igh tless  cohes ion less  s o il re ta in e d  by a smooth w a ll m eeting the minimum 
de fo rm ation  re qu irem en t . I f  i t  is  assumed tha t the end o f the su rch a rge  
rem ote  from  the back of the w a ll is  in te rs e c te d  by a sim ple p la n a r fa i lu re  
su rface  in c lin e d  at 45 + 0 /2  to  the h o r iz o n ta l then the th ru s t T is  g iven  by 
equation (25)
The fa i lu re  su rface  in te rs e c ts  the w a ll at a depth d given by equation  (26)
S ince the s o il is  w e igh tless  i t  m ight be assumed tha t the su rch a rge  in te n s ity  
is  equal to  the maximum va lue  o f than can e x is t ,  tha t is  the va lue  at the 
c r i t ic a l  depth
The v a r ia t io n  o f la te ra l p re s s u re  w ith  r o l le r  d is tance  defined by equation  (29) 
is  shown in  F i gure 28. When app lied  to  the case h is to ry  c ite d  in  S ec tion  4 .1 .4  
w here the r o l le r  was 0 . 15m back from  the w a ll i t  is  found tha t the la te r a l p re s s u re
T s i 0 0 0 0 0 0 0 0 0 0 0 0 9 0 0 0 (2 5 )
d (a + 1.) ^/Kp o o o o o o o o o o o o o o o o (26)
I t  fo llo w s  tha t the average p re s s u re  on the back of the w a ll is
a 'h = T /d = s lK -/(a + l ) 0 0 0 0 0 0 9 0 0 0 0 0 0 0 0 0 (2 7 )
0 0 0 0 0 0 0 0 9 0 0 9 0 9 0 0 (28)
S u b s titu tin g  th is  va lue  in to  equation  (27) leads to  equation (29)
0 0 0 0 0 0 0 0 0 0 9 0 0 0 0 0 (2 9 )
2 2 d rops from  2 2 .3 kN /m  fo r  a = 0 to  19 *lkN /m  fo r  a = 0.15m. The co rre s p o n d in g
p re ssu re  d is tr ib u tio n s  a re  g iven in  F ig u re  24. The e ffec ts  o f r o l le r  p o s itio n
on ca lcu la ted  bending moments at the base o f the. w a ll a re  sum m arised in
Table  9 .
2 2 3
TABLE 9 COMPARISON OF BENDING MOMENTS
BASIS OF APPROXIMATE BENDING PERCENTAGE OF "MEASURED"
CALCULATION MOMENT. LN.m. BENDING MOMENT
Average measured 
pressures 26.4 100
Finite Element 
A.nalysis a = 0.15m 33.9 128
Theoretical (wedge)
a = 0 35.6 T35
Theoretical (wedge)
a = 0.15m 31.4 119
Boussinesq a = 0 34.5 131
Boussinesq a = Ql5m 23.3 88
6 .0  THE E F F E C T S  ON C O N V E N TIO N A L WALL D E S IG N
To i l lu s t ra te  the p oss ib le  e ffec ts  of com paction on re ta in in g  w a ll d es ign , use 
is  made of the s im p lif ie d  model shown in  F ig u re  27 in  w h ich  the w a ll is  
assumed to  re s t on and b e .b a c k fille d  w ith  a d ry  cohesion less s o i l .  N u m e rica l 
eva lua tion  is  made using  the geo tehn ica l p ro p e rtie s  shown. I t  is  fu r th e r  
assumed tha t the he ight o f the w a ll stem is  la rg e  com pared to  the th ickn e ss  o f 
the base slab  and tha t the  d iffe re n ce s  between the un it w e ight o f the co n c re te  of 
the w a ll and the b a c k f i l l  can be neg lec ted . On th is  basis key q u a n titie s  and fa c to rs  
may be defined fo r  the conven tiona l design approach . In  the fo llo w in g  the 
su b s c r ip t c denotes co nve n tion a l.
a) A c tiv e  th ru s t  T : 4K yh2c d a
b) Base s lid in g  re s is ta n c e  Rc : ybh tanb^
c) F a c to r  of sa fe ty  aga inst s lid in g  F = R /T  : 2btan& /^K h
sc c c ±>a
d) Moment at base o f stem M : z K yh5
C c l
e) A pp lie d  p re s s u re  at toe p : yh ’ + 6M /b 2
C G
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6.1 TH R U S T IN D U C E D  BY CO M PACTIO N
S im ila r  q u a n titie s  may be defined tak ing  in to  account the e ffe c ts  o f com paction . 
C o n s ide ring  f i r s t  the th ru s t T ,  then fo r  h > Z c and p o s itiv e  va lues on ly  of 
Ah = h -  hc
T  =  h / ( M )  _ ! e / ( 2 E I )  + . . . . . . . ( 5 0 )
7i d n d
T h is  e xp ress io n  s im p lif ie s  to
T = h / ( 2 E I )  . . . . . . . . ( 50a )71 • 71 d
The fa c to r  o f sa fe ty  aga inst s lid in g  is  defined as
= Rc/T  = ybh tan6B/T   o . o o ( 3 l )
F rom  the e xp ress io n  fo r  conven tiona l fa c to r  o f sa fe ty  aga inst s lid in g  
F K hi SC £1 /
= 2 tan6T3 ° ° ° * * * ° ° °±5
I f ,  as in  the case o f conven tiona l des ign , the fa c to r  of sa fe ty  aga ins t s lid in g
F is  f ix e d  at some recommended va lue then fo r  a given va lue  o f K and tanb-n sc & a B
th is  se lected  va lue  o f fa c to r  o f sa fe ty  is  m aintained p rov ided  tha t a constan t 
ra t io  o f he igh t to  b read th  o f w a ll is  m a in ta ined . F rom  equation  (32) the 
re q u ire d  ra t io  is
h 2ta n 6„
— =   ( 33)o # # o o o o « o v  /
b K F
a sc
If. th is  same ra t io  is  app lied  to  equation (31) then F g is  not a constan t but a
function o f the lin e  load  p and b o r  h . The re s u lt  o f th is  can be seen in  F ig u re
31 w h ic h  shows the v a r ia t io n  of F g w ith  base w id th  fo r  se ve ra l va lues  o f l in e  load
p . As can be seen, the fa c to r  o f sa fe ty aga inst s lid in g  F g is  c o n s id e ra b ly  le ss
than the va lue  o f F assumed to  e x is t in  conventiona l des ign .sc &
The v a r ia t io n  of F gc w ith  F g may be expressed  m ore c le a r ly  by s u b s titu tin g  b 
from  equation (32) in o t equation (31) w h ich  g ives
F = - o . c . . . . . o ( 3 i f )s FT sc
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Since Tc = jK^yh* equation (34) becomes
F
T . c
(3 5 )s o « o o o « * o *
The v a r ia t io n  o f conven tiona l fa c to r  o f sa fe ty , h. • w ith  the fa c to r  o f sa fe ty 
w ith  a llow ance  fo r  com paction e ffects Fgis  shown in  F ig u re  31 fo r  a range of va lues
of lin e  load  p . I t  can be seen tha t fo r  medium s ize  towed o r  s e lf-p ro p e lle d  v ib ra to ry  
r o l le r s  tha t im pose a lin e  load in  the o rd e r o f 50kN /m  the m agnitudes of F g a re  
app ro x im a te ly  h a lf o f those fo r  F s c * F rom  th is  i t  can be seen tha t Fs is  u n ity  when 
the usua l va lue  o f tw o  is  assumed fo r  Fs c *
6 .2  B E N D IN G  MOMENTS IN D U C ED  BY C O M P A C TIO N . *
In  the design  o f u n d e r-re in fo rce d  re in fo rc e d  concre te  sections a fa c to r  o f sa fe ty  
o f a pp ro x im a te ly  1.8  is  used aga inst fa i lu re  in  bend ing. Thus i f  the bending moment 
due to  la te r a l e a rth  p re s s u re  is  g re a te r than 1.8 tim es tha t d e r iv e d  using  conven tiona l 
th e o ry  some d is tre s s  would  be expected. B y re fe re n c e  to  F ig u re  8 i t  can be seen tha t 
fo r  h > z^ and p o s itiv e  va lues of h = h -E  » the p o te n tia l bending moment M at the base 
of the stem is
H o w e ve r, the th ru s t re q u ire d  to  develop such a moment may be so la rg e  as to  cause 
s lid in g  fa i lu re  b e fo re  the fu l l  p o te n tia l moment can be m o b iliz e d . The
the a c tive  va lu e ; h ow eve r, the p re s s u re  d is tr ib u t io n  is  p a ra b o lic  ra th e r  than 
t r ia n g u la r .  T h is  re v is e d  p re s s u re  d is tr ib u t io n  re s u lts  in  a ra is in g  o f the lin e  o f 
ac tion  o f the th ru s t from  0 . 33h above the base to  a va lue  in  excess o f 0 . 5h , 
D u b rova , (1963). The re v is e d  p re s s u re  d is tr ib u t io n  and l in e  o f th ru s t w e re  
observed  by V a rg in  (1968) who found tha t tra n s la t io n s  in  the o rd e r  o f h /5 o o  w ere  
s u ff ic ie n t to  cause such changes. F o r  the 0 ’va lue  assumed in  the s im p lif ie d  
ftiodel , F ig u re  30 , the he ight o f the lin e  o f th ru s t w ou ld  be a pp ro x im a te ly  0 .4 h , 
th is  would re la te  to  a bending moment M, a fte r  s lid in g  equal to  1 .2M c. The e ffe c ts  
o f induced bending moment a re  most re a d ily  expressed  by in tro d u c in g  the moment 
ra t io  M /M c. When th is  ra t io  exceeds 1 .8  then bending fa i lu re  must be assumed to  
be in c ip ie n t .  The v a r ia t io n  o f moment ra t io  w ith  w a ll he igh t is  shown in  F ig u re  32 
fo r  a range of va lues o f lin e  load p . The b roken  lin e  in d ica te s  the p o te n tia l 
moment ra t io  i f  s lid in g  does not o c c u r. As can-be seen the ra t io  r is e s  to  
app ro x im a te ly  th re e , fo r  the chosen s o il p a ra m e te rs , b e fo re  s lid in g  o c c u rs , thus 
re d uc in g  the ra t io .  O bv ious ly  as h ig h e r va lues o f a re  chosen h ig h e r va lues  o f
+ O O « O « O 0 « O (3 6 )
tra n s la t io n a l movem ent invoked by such s lid in g  is  capable o f re d uc in g  the th ru s t  to
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moment ra t io  can e x is t .  The same e ffe c t is  m anifested when o ve r-c o n s e rv a tis m  
p re v a ils  in  the se le c tion  o f a 6 ^ 0 'r a t io .  A study by Potyondy (1961) concludes 
tha t fo r  rough  concre te  th is  ra t io  should be u n ity  except fo r  loose s i l t .  An 
a lte rn a tiv e  p lo t of moment ra t io  aga inst lin e  load  is  shown in  F ig,ure 33 fo r  
a range o f va lues of w a ll he ight having a base w id th  in  accordance w ith  
the ra t io  de fined  in  equation (32) .
By m a n ip u la tio n  of equations (30) and (3 5 ) an exp ress io n  can be d e rive d  fo r  
the w a ll he ight h g , below w h ich  s lid in g  may o c c u r . P u ttin g  Fg e qu a l to  u n ity  
in  equation (35) and tak ing  the conven tiona l e xp ress io n  fo r  a c tive  th ru s t
T = * Y h / F  - . . . . . . . . ( 5 7 ) ^ a s sc
I f  2J,< hs <ht  the e xp ress io n  fo r  th ru s t in  equation 30(a) can be substitu ted in to  
equation (37) to  g ive
, .  pK K yh 2
h / ( 2 E X ) _ _ 2 _  = J L _ ^  F . . . . . . . . . ( 3 8 )
S ^ 71 71 2 SC
Equation  (38) is  a q u a d ra tic  in  hg . The co rre sp o n d in g  base w id th  bd. , is  g iven
sc
by s u b s titu tio n  o f h^ and in to  equation (32 ). The v a r ia t io n  of h w ith  F^
is  shown in  F ig u re  34 fo r  a range of va lues o f lin e  lo a d .
6 .3  B E A R IN G  PR E SS U R ES  IN D U C ED  BY C O M PAC TIO N  
I t  fo llo w s  tha t i f  h igh bending moments a re  induced by com paction then h igh  
bea ring  p re s s u re s  w i l l  re s u lt  at the toe o f the w a ll.  The magnitude o f such 
p re s s u re s  is  best de fined  by an o v e r -s tre s s  ra t io  R g iven by the e xp re ss io n
-r •_ yhb2 + 6m
~ Yhb2 + 6Mc
The v a r ia t io n  o f o v e r -s tre s s  ra t io  w ith  w a ll he igh t is  shown in  F ig u re  35* As 
can be seen, even fo r  a m oderate conven tiona l fa c to r  o f sa fe ty  aga ins t s lid in g  
the ra t io  r is e s  to  tw o  be fo re  s lid in g  is  deemed to  o c c u r . The b roken  lin e  shows 
p o te n tia l va lues o f the ra t io .  As a c o ro l la ry  to  the above, ten s io n  w i l l  be 
developed in  bases tha t have been designed by conven tiona l means to  have a n ea r 
ze ro  p re s s u re  at the h ee l. The enhanced bending moment reduces the fa c to r  of 
sa fe ty  aga inst o v e rtu rn in g ; how ever th is  re d u c tio n  does not g ive  r is e  to  a 
c r i t ic a l  c o n d itio n .
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6 .4 .  THE NEED FOR F IE L D  O B S E R V A T IO N S
The im p lica tio n s  o f th is  section  a re  qu ite  c le a r .  I f  a re ta in in g  w a ll is  not able 
to  undergo tra n s la t io n a l movement then the bending moments generated a re  fa r  in  
excess of those p re d ic te d  us ing  c la s s ic a l e a rth  p re s s u re  th e o ry . C redence is  
g iven to  th is  hypo thesis by the perfo rm ance  of the re ta in in g  w a ll c ite d  in  
3 .1.2 .
The moment re q u ire d  to  reduce  e a rth  th ru s t to  the ac tive  va lue  re q u ire s  a ro ta t io n  
o r  tra n s la t io n  in  the o rd e r  o f h /5 0 0 . On a ty p ic a l c o n s tru c tio n  s ite  i t  is  doub tfu l 
tha t such a movement, i f  n o tice d , would be a ttributed to  h igh la te ra l e a rth  
p re s s u re s . In  a su rve y  o f u n s a tis fa c to ry  w a lls  and abutments c a r r ie d  out in  
1945 the p r in c ip a l ra ilw a y  companies o f the U n ited  S tates-and Canada w e re  requested  
to  g ive  d e ta ils  , in c lu d in g  the he igh t and fo rw a rd  movement, o f the s tru c tu re s  
in v o lv e d . I t  is  in te re s tin g  to  note tha t on ly  42 w a lls  w e re  re p o r te d , w ith  va lues 
o f fo rw a rd  movement being g iven fo r  31 w a lls ,  I re la n d ,  (1964). The average 
w a ll movement was h / 27 .
I t  is  o b v io u s ly  o f some im portance  to  a s c e rta in  w he ther o r  not th e re  is  a tre n d  
o f w a ll t r a n s la t io n . ... A lthough  tra n s la t io n  movement i f  s u ff ic ie n t,  reduces h igh 
com paction -induced  th ru s ts  to  the a c tive  th ru s t ,  the lin e  o f ac tion  is  c o n s id e ra b ly  
h ig h e r than tha t re s u lt in g  from  a t r ia n g u la r  d is tr ib u t io n  of p re s s u re . T h is  s h if t  
in  the lin e  o f th ru s t can re s u lt  in  bending moments in  the o rd e r  o f 50% h ig h e r than 
those n o rm a lly  p re d ic te d . Such an o v e rs tre s s  would not re s u lt  in  im m ediate  fa i lu re ;  
how eve r, i t  would  be expected to  have a d e tr im e n ta l e ffec t on the s e rv ic e a b il ity  
o f the s tru c tu re .
7 .0  THEO RY -  R E IN F O R C E D  E AR TH  WALLS
Any attempt at a r ig o ro u s  a na lys is  o f the e ffec ts  o f com paction on re in fo rc e d  e a rth  
is  a lm ost c e r ta in  to  flo u n d e r in  an in tra c ta b le  m athem atica l ta n g le . W ith th is  in  
m ind a v e ry  sim ple th e o ry  is  p resen ted  w ith  a v ie w  to  g iv in g  an a p p ro x im a tio n  o f 
com paction e ffe c ts . T o  th is  end c o n s id e r F ig u re  37 w h ich  shows a la y e r  o f d ry  
cohes ion less  s o il o f th ickne ss  t bounded top and bottom by ro u gh , con tinuous , 
e la s tic  re in fo rc e m e n t. I f  such a c e ll o f re in fo rc in g  e a rth  is  loaded under 
plane s tra in  cond itions  by a v e r t ic a l s tre s s  o fc^* o v e r a no tiona l w id th  21 then 
co n s id e ra tio n  of the e q u ilib r iu m  of an element o f w id th  &  leads to  equation (40)
2 * u d x  +  d c r ^ . t  —  0  O O O O O O O O O O O O O O O  ( 4 "0 )
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The shear s tre s s  r  is  taken to  be th<? p roduct o f the v e r t ic a l e ffe c tive  s tre ss  
and the m ob ilised  tangent of angle of bond s tre s s . I t  is  assumed that re la t iv e  
movement between the s o il and the re in fo rce m e n t is  necessary  to  m ob ilise  the 
shear s tre s s . F o r  s im p lic ity  the degree of m o b ilisa tio n  of tan & is  assumed to  o c c u r 
l in e a r ly  from  z e ro  at the o r ig in  to  a maximum at the edge of the loaded c e ll w id th .
The ana lys is  is  fu r th e r  s im p lifie d  by assum ing the v e r t ic a l-s tre s s  to  approxim ate  
to  the m a jo r p r in c ip a l s tre s s .. Adoption  of these assum ptions lead to equation (41)-
dcr 12tan6cxdx v . .
" t "  g |  —  _ W  O O O O O O O O O V .  4 1  /  •
a -V
I f  the re in fo rc e d  c e ll is  taken to  be at some depth z w ith in  a mass of cohes ion less
s o il o f u n it w e ight y  then in te g ra tio n  and su b s titu tio n  o f the boundary co n d itio n
x = l,o ^ = y z  leads to  equ a tion  (42)
. tan& (t 2 -x? ) / lK  -t
av  = .Yze a o o o o o o o o o M
The average va lue  o f equation  (42) is  g iven by the in te g ra tio n
A
= ¥ ■ tanb(i? -x? )_K t . - ,.-,n® a dx ooooooooox45 yv
O'
Equation  (43) cannot be in te g ra te d  d ir e c t ly ,  how eve r, n um erica l a n a lys is  shows 
tha t the a n tilo g  of the average  va lue  o f ln (o J . )  is ,  to  a c lose  a pp ro x im a tio n ; 
equal to  the average va lue  o f o [ thus
— , yztanb
v  i
V "  12"K ta
( I 2 -x? )dx ooooooooo(44)
In te g ra tio n  and tra n s fo rm a tio n  o f equation (44) leads to  equation (45)
— . 2ta n 6l / 3k t , ,  N
c*v  = Tze a 0 0 0  0 0 -0 0 . (4 5 a )
The mean h o r iz o n ta l s tre s s  w ith in  the system is  g iven by equation (45b)
~ o o o o o o o o o (4 5 b )
Where X =  2 ta n 6 L /'3 K  t'  ■ a
The mean v e r t ic a l s tre s s  in  equation (45a) re p re se n ts  the mean s tre s s  at fa i lu r e .  
I f  the mean s tre s s  app lied  o ve r the loaded a rea  is  ( AcdJ+yz ) then i f  th is  app lied  
s tre ss  le v e l is  le ss  than oj. the mean ho rizon ta l s tre s s  w ith in  the loaded le n g th  
w i l l  approxim ate  to  the va lue  g iven by equation (46)
— , _ ( A o .1 + y Z) 0 Kayze* n
0 0 0 0 0 0 0 0  (*f6)
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Substi tut ing fo r  o ^  from equation (45a) leads  to equation (47)
ah ! = Ka( A av f + y z )  000000000( ^ 7 )
C o n ve rse ly  the . app lied  s tre s s  le v e l (AcrJ+yz ) may be g re a te r than cr^ ®
In  th is  case th e re  w i l l  be la te r a l flo w  of the s o il from  beneath the loaded
area caus ing  an in c re a se  in  the h o r iz o n ta l s tre ss  Act, 1 in  the ad jacent s o il
+
at the boundary x = -  1
T h is  in c re a s e  in  s tre s s  at the boundary g ives r is e  to  a co rre sp o n d in g  in c re a s e  
in  the mean h o r iz o n ta l s tre s s  under the loaded a rea w hich assumes the va lue  
g iven in  equation  (48)
a , '  = (K .y z  + M * ) e x ’ 0 „ . » „ .  •»«(4-8)h a h
The co rre sp o n d in g  mean v e r t ic a l s tre s s  then becomes
<T» = (y z  + 5 >Aah ») eX „ c . . . • « •  (h-9 ) '
Thus o f co u rse  equals the c u r re n t ly  app lied  v e r t ic a l s tre ss  cr.J+yz ) ,  equa tion  (50) 
( A  + y z )  = (y z  + A ah ’ )ex 0000000 (5 0 )
On re a rra n g in g  equation  (50)
Act 1 + yz
=  K p g fc  ”  i ^ & y z  o o o « o o o o ( 5 i )
1
S u b s titu tin g  fo r  Ao£ fro m  equation (51) in to  equation (48) leads to  equation  (52)
= ' ^ Aav f + Tz ) . 000. 0. 0( 52 )
C om parison of equations (47) and (52) shows the mean va lue  of h o r iz o n ta l s tre s s  
beneath the loaded a rea  to  be independent o f the magnitude o f the app lie d  s tre s s  
(A a ^ '+ yz  ) .  T h is  is  on ly  tru e  fo r  app lied  s tre s s  le v e ls  ind uc in g  va lu es  ofAa^ 1 
below the l im it  de fined  by equation (53)
4 V  <  YZ . . . . . . . . ( 5 3 )
So fa r  the c o n s id e ra tio n  o f s tre sse s  has been lim ite d  to  the mean va lue  o f h o r iz o n ta l 
s tre ss  genera ted  beneath the whole o f the loaded a re a . C o n s ide r now the  
h o r iz o n ta l s tre s s  at one end of the loaded a re a . T h is  o f co u rse  w ou ld  re la te  
to  the h o r iz o n ta l s tre s s  im posed on the back of the fac ing  u n it .  F rom  equa tion  (42) 
the gene ra l e xp re ss io n  fo r  h o r iz o n ta l s tre s s  becomes
a - = KaYBetan6( t* -r f ) /1Ka, .
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Thus at the fa c in g  u n it forAo^.’ =o and x  = 1
00000000 (5 5 )
H ow ever i f  (AcrN-yz ) >  a^ 1 th e re  w i l l  be an in c re a se  in  h o r iz o n ta l s tre s s ,
Aah ; as defined  by equation  (51). Thus the h o r iz o n ta l s tre s s  at the fac ing  un it 
is  as g iven by equation (56)
Aa 1 + yz
a  1 -  _ X _ -------------- ( 5 6 )'-'l_ — ' e t e t e o o *
h Kpex
I f  the v e r t ic a l s tre s s  inc rem en t Acr 1 is  rem oved then below  a c e r ta in  c r i t ic a lv
depth th is  h igh h o r iz o n ta l -stress le v e l would be m ainta ined in  the s o il in  w h ich
the la te r a l s tra in s  a re  assumed to  be la rg e ly  p la s t ic .  H o w e ve r, the assoc ia ted
te n s ile  fo rc e s  genera ted  in  the re in fo rcem e n t d u rin g  com paction w ou ld  not rem a in
at the same h igh  le v e l s ince rem ova l o f the v e r t ic a l s tre s s  in c re m e n t w ou ld  dep le te
the s o il/ re in fo rc e m e n t shea r s tre s s  and be conducive  . to  e la s tic  re c o v e ry , .
Boden (1979) , Ju ran  (1979). Depending on the re la t iv e  s o il/ ,  re in fo rc e m e n t'
s t if fn e s s  and the re s id u a l s o il/re in fo rc e m e n t bond the re c o v e ry  in  the re in fo rce m e n t
may be assoc ia te d : w ith  a p a r t ia l re c o v e ry  in  the s o il.  In  th is  case the
re in fo rce m e n t s tre sse s  w o u ld  not be com p le te ly  re c o v e re d . In  e ith e r  case the
re s id u a l h o r iz o n ta l s tre sse s  in  the s o il would be rd a te d  to  a c r i t ic a l  o ve rbu rd e n
depth z .. Ig n o r in g  the Tbending s tiffn e s s  o f the re in fo rce m e n t i t  is  appa ren t tha t 
c Aa 1 + yz
^ 'hm  = V YZ = Kpex . 00000. . ( 5 7 )
T ak ing  A oJ.»yz  and s u b s titu tin g  forAcr^ from  equation (7) leads to  equations (58)
z c = K a VC iye*) 000. 0.00 ( 58a )
whence
- X / 2
^ ’ hm ~ * J \n  * . .000000  ( 58b )
w here oL = e
The m agnitude o f the c o e ff ic ie n t a  w i l l  a lw ays be le ss  than u n ity  and i t  may th e re fo re  
be c a lle d  a re d u c t io n  fa c to r .  To evaluate th is  fa c to r  some n u m e rica l va lue  must 
be g iven  to  the no tio n a l le n g th  1 and the la y e r  th ic k n e s s . F o r  conven ience the 
upper o r  g loba l l im it  o f .1 m§r be taken as the to ta l leng th  o f the re in fo rc e m e n t .
The: lo w e r  o r  lo c a l l im it  may be taken as the w id th  o f the r o l le r .  T h is  la t te r  
l im it  is  p ro b a b ly  m ore a p p ro p ria te  when assess ing  p re ssu re s  at the back o f the 
fac ing  u n it .  The v a r ia t io n  o f the re d u c tio n  fa c to r  w ith  angle o f bond s tre s s  is  
g iven in  F ig g re  39 fo r  a range o f l ik e ly  g loba l and lo c a l va lues o f 1 / t .  A s can be 
seen the re d u c tio n  fa c to r  approaches u n ity  as the angle o f bond s tre s s  d e c re a s e s .
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T h is  leads to  the lo g ic a l conclusion .that a p e r fe c t ly  smooth re in fo rcem e n t has 
no e ffe c t on re s id u a l la te ra l p re s s u re s . When v ib ra to ry  com paction p lant is  used 
th e re  is  some doubt as to  the magnitude of v e r t ic a l s tre ss  le v e l and hence s o i l /  
re in fo rce m e n t bond developed. P u ll out tes ts  c a r r ie d  out at the T . R . R . L .
M u rra y  et a l (1979), in d ica te  a decrease of 25% in  the p u ll-o u t re s is ta n ce  
o f re in fo rce m e n t sub jected to  v ib ra t io n  under an overbu rden  o f app rox im a te ly  
1 .5m . R ich a rd son  & Lee (1975) observed  angles o f bond s tre s s  d ropp ing  to  
1 /°  when sand w ith  a s ta tic  f r ic t io n  angle of 44° was subjected  to  v ib ra t io n .
P resen t c o n s tru c tio n  methods fa vo u r the use of d is c re te  m etal s t r ip  .re in fo rcem ent 
ra th e r  than the continuous sheet re in fo rc iem en t cons ide red  in  fo re g o in g  th e o ry .
With s tro n g  s t r ip  re in fo rcem e n ts th e  re la t iv e  amount of re in fo rce m e n t is  e x tre m e ly  
sm all be ing  ty p ic a l ly  le ss  than 0.1% by vo lum e. In  th is  case i t  w ou ld  seem 
reasonab le  to  neg lec t the e ffe c ts  .of the re in fo rcem e n t com p le te ly  and assume tha t 
re s id u a l p re s s u re s  and hence re in fo rcem e n t load ings  a re  c o n tro lle d  by the s o il 
a lo n e .
B e fo re  expanding the gene ra l th e o ry  i t  is  w o rth  b r ie f ly  co n s id e rin g  the p oss ib le  
te n s ile  lo a d in g  tha t cou ld  be developed in  the re in fo rce m e n t d u r in g  com paction .
The l ik e ly  o rd e r  of^magnitude of th is  load ing  can be approxim ated  us ing  equation  (59)
T- v = 2.'Cdx ooooooo (5 9 )max QJ
S u b s titu tio n  fo r  t  is  made us ing  the p re v io u s ly  c ite d  assum ption w h e n ce .in te g ra tio n ; 
o f equation  (59) leads to  the gene ra l exp ress io n  g iven in  equation  (60)
V 2
T,max = Y z ^ t
6 4  • *] o o o o o o o o ( 60)
Where o '  = (Acr ' + t b )
V
I t  fo llo w s  tha t zc< z< t whence the abso lu te  maximum te n s ile  fo rc e  is
= K - 2 t  V d iP )  [ (K p e  ) ■ ' * - !
3 /
(60a)• o o o o o o o'inax a
So fa r  the c o n s id e ra tio n  o f the e ffec ts  o f com paction  has been lim ite d  to  the 
mass o f re in fo rc e d  e a rth  conta ined w ith in  the w a ll p ro p e r .  H ow ever the f i l l  
behind the re in fo rc e d  e a rth  w a ll w i l l  a lso  be com pacted. T h is  w i l l  fu r th e r  m od ify  
the s tre s s  d is tr ib u t io n  w ith in  the re in fo rc e d  e a rth  m ass. Hence the a n a lys is  o f 
the e ffe c ts  o f com paction  on re in fo rc e d  e a rth  w a lls  must be c o n s id e re d  in  tw o  p a r ts ,  
f i r s t l y  the e ffe c t at the back of the re in fo rc e d  e a rth  w a ll and secon d ly , the e ffec t, 
in  the body of the re in fo rc e d  e a rth  w a ll.  Now fo r  w a lls  lo w e r  than the c r i t ic a l  
height g iven by equation (16) the la te ra l e a rth  p re s s u re  induced by com paction  is
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a constant , fo r  z>zc as defined by equation (14). T h is  w il l  g ive  r is e  to a d is tr ib u t io n  
of v e r t ic a l s tre s s  a c ro ss  the w id th  o f the w a ll tha t can be approxim ated to  
tha t d e r iv e d  us ing  a tra p e z o id a l d is tr ib u t io n ,  B o lton  et a l (1977,1978)
C houdhury (1977), Boden et a l (1978). Thus fo r  any depth z the bending 
moment can be approxim ated  by equation (61)
M  =  ^ h m ' ^  o o o o o o o o ( 6 l )
F o r  a w a ll w ith  re in fo rce m e n ts  o f leng th  L th is  bending moment g ives r is e  to  
an a d d itio n a l v e r t ic a l s tre s s  at the face of the w a ll as defined by equation (62)
°'vm  = W  a /(^ F ) . . . . . . . . . ( 6 2 )
When the he igh t o f the w a ll is  g re a te r than the c r i t i c a l  he igh t, h ^ , th e re  w i l l  be 
an a d d itio n a l bending moment,AM
,  .
' A ooooo*««h /
F rom  c o n s id e ra tio n  o f equations (61) and 63) i t  is  poss ib le  to  d e r iv e  the g ene ra l 
equation fo r  the v e r t ic a l s tre s s  at the face o f the w a ll
y  a ? )  -  ••<«>
The la te r a l p re s s u re  at the face of the w a ll,  assum ing that the minimum de fo rm a tion  
re q u ire m e n t is  met is  then s im p ly  K.Qa ^  . H ow ever th is  p re s s u re  d is tr ib u t io n  
is  m od ified  by the e ffe c ts  o f com paction in  the body o f the re in fo rc e d  e a rth  mass,.
The re s u lt in g  p re s s u re  d is tr ib u t io n  is  the same as tha t fo r  a conven tiona l 
re ta in in g  w a ll fo r  he igh ts o f w a ll le ss  than the c r i t ic a l  h e ig h t. Above the c r i t ic a l  
he igh t the  p re s s u re  d is tr ib u t io n  is  re la te d  to  the v e r t ic a l s tre s s  d is tr ib u t io n  
obta ined us ing  equation (64 ). F o r  a re in fo rc e d  e a rth  w a ll the c r i t ic a l  h e ig h t, 
h c , is  ob ta ined  by equating c r ^  to  K a w h ich  re s u lts  in  the  e xp re ss io n  g iven  
in  equation  (65)
v  - V - y i i r j j i 1 + Y , ^  • • • • • • • (65)
7 .1CURRENT D E S IG N  METHOD -  R E IN F O R C E D  EAR TH  WALLS 
B e fo re  p roceed ing  to  a co n s id e ra tio n  o f case h is to r ie s  i t  is  n ecessa ry  to  b r ie f ly  
c o n s id e r the  c u rre n t design method fo r  re in fo rc e d  e a rth  w a lls .  The bas ic  th e o ry  
was dev ised  by Juran  (1977) and assumes a lo g  s p ira l fa i lu re  su rfa ce  pass ing  
th rough  the observed  po in ts  o f maximum tens ion  o ccu rin g  in  the re in fo rc e m e n t.
As can be seen fro m  F ig u re  39 th d 'fa i iu re  su rface ” is  s u b s ta n tia lly  v e r t ic a l o v e r 
the uppe r h a lf  o f the w a ll.  L a te r w o rk , Ju ran  & S ch lo sse r (1978) s ta tes
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"T h is  fa i lu re  mode is  analogous to  the mechanism of fa i lu re  met in  the case 
of a cohes ion less  embankment supported  by a r ig id  w a ll w h ich  is  ro ta tin g  about 
its  top and i t  is ,  o f c o u rs e , q u ite  d if fe re n t from  the c la s s ic a l fa i lu re  mode met 
in  the case o f a cohes ion less embankment supported by a r ig id  re ta in in g  w a ll 
w h ich  is  ro ta t in g  around i ts  toe'.' The A u th o rs  go .on to  state  tha t at the top o f 
the w a ll la te ra l e a rth  p re s s u re  is  the at re s t p re s s u re . T h is  decreases to  the 
a c tive  p re s s u re  at a depth o f 6m as defined by th e ir  e xp ress ion  rep roduced  below
z < zo K = + (J ^ -K ^ z /z o
z > zo : -  K = l a
w here z<Q = 6m
7 .2  A R E C O N S ID E R A T IO N  OF CUR R EN T D E S IG N  METHOD 
C o n s id e ra tio n  w i l l  be lim ite d  to  tw o  main anom olies in  the design m ethod. The 
f i r s t  conce rns  the p re s s u re  d is tr ib u t io n  assoc ia ted  w ith  a r ig id  w a ll ro ta t in g  
a c tiv e ly  about i ts  to p . W ork pub lished  by D ubrova  (1963) g ives a s im ple  a n a ly t ic a l 
method fo r  re la t in g  p re s s u re  d is tr ib u t io n  to  the r ig id  body ro ta t io n  of a w a ll.
The method in v o lv e s  the assum ption o f a pseudo angle of shea ring  re s is ta n c e  
whose degree of m o b ilisa tio n  is  re la te d  to  w a ll movement. Assume tha t fo r  a 
w a ll,  o f he igh t H , ro ta t in g  about i ts  top tha t 0 is  fu l ly  m ob ilised  at the base o f 
the w a ll w ith  fa i lu re  o ccu rin g  along a s im p le  p la n a r fa i lu re  su rface  in c lin e d  at 
45 + 0 /2  to  the h o r iz o n ta l.  A t some depth z down from  the top o f the w a ll the 
w a ll ro ta t io n  w i l l  on ly  be s if f ic ie n t  to  m o b ilise  some p ro p o rtio n  o f 0, th is  
p ro p o rtio n  is  de fined  by equation (66)
V JJ 0 * 0 0 0 0 0 0 0  (66)
Thus at th is  le v e l z the s o il is  assumed to  fa i l  a long a p la n a r su rface  in c lin e d  at 
45 + f / 2  to  the h o r iz o n ta l.  C o n s id e ra tio n  o f the e q u ilib r iu m  o f a g ene ra l 
wedge leads to  the e xp ress io n  in  equation  (67) w h ich  defines the ra t io  o f 
h o r iz o n ta l and v e r t ic a l p r in c ip a l s tre sse s  at any depth z
°h' a
K = _  = tan2 (k5 -  f / 2 )  ( l  -  f Q s f) . . . . . . .  ( 6 7 )
The re s u lts  o f such an a n a lys is  a re  p lo tte d  in  d im ension less fo rm  in  F ig u re  40 .
The tw o  most im p o rta n t fe a tu re s  dem onstra ted in  th is  p lo t a re , f i r s t l y ,  tha t the 
g ene ra l e a rth  p re s s u re  c o e ff ic ie n t K equals the *ac tive  c o e ffic ie n t at one  unique 
po in t re la te d  to  the he ight o f the w a ll,  tha t is  at z -= 0 .6 2 H . S econd ly , f o r
g re a te r  depths than th is  th e ,c o e ff ic ie n t K d rops below . F o r  com parison  
F ig u re  41 shows the re s u lts  obta ined from  fo u r w a lls , S c h lo s s e r, (1978). The 
re s u lts  obta ined from  F ig u re  41 and la te r  case h is to r ie s  a re  sum m arised 
in  Tab le  10.
TA B LE  10 WALL H E IG H T S  A T  W HICH K = Ka
WftLL __________________ Z/H____________ Z W
Silvermine 0.43 2.7
Asahigaoka 0.53 6.9
Granton 0.83 5.2
Grigny 0.65 5.9
T.R.R.L 
(Full scale) 0.55 2.6
L ille 0.47 2.6
Dunkerque 0.33 4.0
As can be seen a lthough th e re  is  a tendancy fo r  K to  equal K at a va lue  o f
3.
z = 6m fo r  on ly  th re e  of the above w a l ls . . The va lue of z /H  ranges from  0 .3 3
to  0 .8 3  and is  qu ite  d if fe re n t from  the a n tic ipa ted  va lue of 0 .6 2  w h ich  would be
assoc ia ted  w ith  a w a ll ro ta t in g  about i ts  to p . The va lues o f K /K  g iven  in  F ig u rea
41 do in fa c t d rop  below  u n ity  fo r  h ig h e r va lues o f z /H  as is  p re d ic te d  by 
D ubrova  th e o ry , h ow eve r, th is  is  not c o n s id e re d  s ig n ific a n t s ince  the  va lues  o f 
K /K a w e re  b a ck fig u re d  fro m  m easured re in fo rce m e n t te n s io n s . As is  veLl 
known M u rra y  (1979), the re in fo rce m e n t te n s io n s , and hence apparen t e a rth  
p re s s u re  c o e ff ic ie n ts , a re  reduced at depth due to  the e ffec ts  o f base f r ic t io n .
Thus the a s se rta io n  tha t the p re s s u re  d is tr ib u t io n  is  cons is ten t w ith  a r ig id  
w a ll ro ta t in g  a c tiv e ly  about i ts  top is  not p ro ve n . M ore co n c lu s ive  evidence 
re fu tin g  the d es ign e rs  c la im s w i l l  be p resen ted  in  fo llow ng  case h is to r ie s .
The second anom oly w h ich  is  insepcrab le  from  the f i r s t  conce rns  the mode of 
d e fo rm a tion  o f the w a ll.  The c u rre n t design  th e o ry  m ain ta ins tha t the  w a ll ro ta te s  
abouts i t  to p . R e fe rence  to  F ig u re  42 shows tha t th is  is  c le a r ly  not the case 
and in  fa c t the movement at the top o f the w a ll is  ty p ic a lly  2% o f the w a ll he igh t 
w h ich  is  m ore than adequate to  genera te  conven tiona l ac tive  p re s s u re  c o n d it io n s . 
The as p lo tte d  d e fle c tio n  fo r  the top o f the F e n ye s litke  w a ll is  somewhat m is lead ing  
s ince a lthough the to ta l w a ll h e ig h tis 5 m  the fro n t o f the w a ll is  berm ed le a v in g  
a fre e  w a ll he igh t o f on ly  1.5m* On the bas is  o f th is  w a ll he igh t the movement o f
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the top o f the w a ll was some 1.7% . * F u rth e rm o re  re se a rch  c a r r ie d  out by 
S ocie te  la  T e r re  A rm ee and L . C . P . C . h a s  shown c o n c lu s iv e ly  tha t de fo rm ation  
o f th is  m agnitude may be caused by com paction p la n t. T h is  p a r t ic u la r  re se a rch  
p ro je c t,  Nabonne et a l (1979) in vo lve d  the measurement of the de fo rm a tion  o f a 
t r ia l  w a ll 3m h ig h , 37m lo n g , b a c k fille d  w ith  "a re n a  de m iga" w h ich  appears to  
be a s u b s ta n tia lly  g ra n u la r  b a c k f il l w ith  tra c e s  of c la y . The b a c k f il l was 
d iv ided  in to  fo u r  zones each o f 6m long  and separa ted from  one ano the r by 1.5m 
long b u ffe r  zones. Each zone was compacted by a v ib ra t in g  r o l le r  gene ra ting  a 
d if fe re n t in te n s ity  o f lin e  lo a d in g . The fo u r r o l le r s  used genera ted  load  in te n s it ie s  
of 14.7 k N /m , 9 *8  k N /m , 7.1 kN /m  and 6 .6  k N /m . The v a r ia t io n  o f w a ll d isp lacem en t 
w ith  r o l le r  l ir ie  lo a d in g  is  shown in  F ig u re  43. As is  c le a r ly  shown th e re  is  a 
v e ry  w e ll de fined  re la t io n s h ip  between lin e  load in te n s ity  and w a ll m ovement.
I t  is  suggested th e re fo re  tha t re in fo rc e d  e a rth  w a lls  ro ta te  a c tiv e ly  about th e ir -  
toes and tha t the m agnitude o f th is  ro ta tio n  is  governed to  a la rg e  extent by the 
com paction p lan t em ployed. In  v ie w  of th is  i t  would seem tha t the bas ic  p rem ise  
assumed in  the  c u r re n t design method is  n u ll and v o id , h ow eve r, the  many 
re in fo rc e d  e a rth  s tru c tu re s  tha t a re  c u r re n t ly  p e rfo rm in g  in  a s a tis fa c to ry  m anner 
bea r w itness  to  the fac t tha t the c u rre n t design method is  an accep tab le  e m p ir ic is m .
7 .3  C ASE H IS T O R IE S  -  R E IN F O R C E D  E AR TH  WALLS.
F ive  case h is to r ie s  a re  p re sen ted , the f i r s t  tw o re la te  to  w a lls  c o n s tru c te d  in  
F ra n c e . F o r  these tw o  w a lls  th e re  is  no tra ce a b le  re c o rd  o f d e ta ils  o f com paction 
equipment used d u r in g  c o n s tru c tio n , Ju ran  (1979), S ch lo sse r (1979). In  v ie w  o f 
th is  the m easured data a re  com pared w ith  assumed r o l le r  lin e  load  in te n s it ie s .
D esp ite  th is  shortcom ing  these case h is to r ie s  s t i l l  p rove  use fu l in  c o rro b o ra t in g  the 
bas ic  p r in c ip le s  postu la ted  in  the proposed th e o ry .
7 .3 *1 . L i l le  B rid g e  Abutm ent
T h is  f i r s t  case h is to ry  has been re p o rte d  by both B ague lin  (1978) and Ju ran  et a l 
(1978). The abutment at L i l le  co ns is ts  of a s im ple w a ll 5 .6m  h igh and 15m long  
w ith  the founda tion  o f th e 'w a ll being a pp rox im a te ly  1.2m below the lo w e r  fo rm a tio n  
le v e l.  F ac ing  un its  w e re  o f the conven tiona l re in fo rc e d  co n c re te  c ru c ifo rm  
p a tte rn  w ith  s ix  s ta in le ss  s tee l re in fo rc in g  s tr ip s  p e r u n it.  The s tr ip s  w h ich  w e re  
80mm w ide by 1.5mm th ic k  w ere  p laced at 750mm v e r t ic a l and 500mm h o r iz o n ta l 
ce n tre s  and w e re  7m lo n g , save in  the upper tw o la y e rs  w here  10m long  s t r ip s  
w ere  em ployed. In s tru m e n ta tio n  com prised  s tra in  gauges to  the re in fo rc in g  s tr ip s  
tog e the r w ith  h o r iz o n ta lly , o b liq u e ly  and v e r t ic a l ly  in c lin e d  G lo tz l p re s s u re  c e l ls .
3The f i l l  was a re d  sch is t compacted to  an average bu lk  d ens ity  o f 1.85M g/m  .
The m easured in te rn a l angle of f r ic t io n  at the co rre sp on d ing  d ry  dens ity  was 
4 3 .5 ° .  Assum i ng an im posed lin e  load ing  of 8 k N /m  the th e o re tic a l maximum
2la te ra l p re s s u re  ac ting  on the back of the fac ings un its  is  ca lcu la te d  to  be 9 .6 k N /m
using  equation  (14). B e low  the c r i t ic a l  depth of 2.65m  ca lcu la te d  from  equation
(65) the la te ra l e a rth  p re s s u re  re v e r ts  to  K  cr» which may be ca lcu la te d  from
a v f
equation (6 4 ). A com parison  of the re s u lt in g  th e o re tic a l la te ra l p re ssu re
d is tr ib u t io n  and the as m easured p re ssu re s  is  made in  F ig u re  44 . A lso  shown
fo r  com parison  is  the conven tiona l a c tive  p re s s u re  d is tr ib u t io n .  The re s id u a l
re in fo rce m e n t tens ions w ere  ca lcu la te d  as the p roduc t o f the th e o re t ic a l la te ra l
p re s s u re  and the a rea  of fac ing  un it supported  by each s t r ip .  C om parison of the
th e o re t ic a l and as m easured s t r ip  loads is  g iven  in  F ig u re  45* F in a lly  a check was
made on the v a r ia t io n  of the gene ra l e a rth  p re s s u re  c o e ff ic ie n t K w ith  depth.
F ig u re  46 shows "m easu red ”  va lues o f K /K  re p o rte d  by B agudin(1978), a lso
a
shown is  the  D ubrova  th e o re tic a l d is tr ib u t io n  to g e th e r w ith  tha t obta ined using 
the p roposed th e o ry  w here  K is  the quo tien t o f ca lcu la te d  la te r a l p re s s u re  and 
v e r t ic a l s tre s s  from  equation  (64 ). I t  can be seen tha t the com paction  th e o ry  
l in e  fo llo w s  the pub lished  ra t io  K /K a v e ry  c lo s e ly  w ith  K equa ling  at 
z / H  = 0 .4 7 . As s ta ted e a r l ie r  a va lue of Z/H  of 0 .6 2  w ould be a n tic ip a te d  
i f  the s tru c tu re  t r u ly  ro ta te d  about i ts  to p . I t  is  a lso  w o rth y  o f note tha t th e re  is  
no w e ll de fined  tendency fo r  K to  d rop  below  Ka . The c u r re n t design assum ption 
tha t K > K o is  o bv io u s ly  in  some e r r o r .  F o r  the L il le  abutment K ^ /K g  is  a p p ro x i­
m ate ly 1 .7  f how eve r as can be seen from  F ig u re  46 the maximum "a s  m easured" 
va lue  was in  excess o f th re e .
7 . 3 * 2 .  D unkerque W a ll.
T h is  s tru c tu re  is  unusual in  as much as i t  is  double s ided . The s tru c tu re  is
a p p ro x im a te ly  12m h igh  630m long  and is  conta ined  by tw o  w a lls  between 15m
and 18m a p a r t .  The re in fo rc in g  s tr ip s  w h ich  a re  of ga lvan ised  m ild  s tee l a re
connected fro m  the fac ing  u n its  on one side of the s tru c tu re  to  those on the  o th e r
side and th e re fo re  have no fre e  ends. The s tru c tu re  was f i l le d  w ith  sand to  a bu lk
3
dens ity  o f 1.91 M g/m  w h ich  was assoc ia ted  w ith  an angle o f sh ea rin g  re s is ta n c e  
of 4 3 .5 ° .  In s tru m e n ta tio n  inc luded  h o r iz o n ta l and v e r t ic a l ly  in c lin e d  e a rth  
p re s s u re  c e l ls .  A lthough  the expe rim en ta l w o rk  was c a r r ie d  out in  1970 i t  
was not re p o r te d  u n t il n ine yea rs  la te r ,  Ju ran  et a l (1979). The w a ll has 
been ana lysed  assum ing a r o l le r  lin e  load  in te n s ity  o f 15kN /m . In  th is  
p a r t ic u la r  case the  e ffe c ts  o f com paction at the ta c k  of the re in fo rc e d  e a rth  mass 
have been neg lected  fo r  obvious re a so n s . C om parison of m easured and th e o re t ic a l 
la te ra l p re s s u re s  at the back of the fac ing  u n its  is made in  F ig u re  47b. Once
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again the la te ra l p re s s u re s  in  the upper section  of the w a ll show the fa m ila r  
b lo ck  d is tr ib u t io n  associa ted  w ith  the e ffec ts  o f com paction . F ig u re  47a shows 
a com parison  of the p roduc t of Ka and th e o re tic a l overbu rden  p re s s u re  w ith  the 
p ro du c t of K a and the as m easured v e r t ic a l s tre s s . I t  can be seen tha t th e re  
is ,  in  th is  sp ec ia l case,  no w e ll defined tra p e z o id a l d is tr ib u t io n  o f v e r t ic a l /  
h o r iz o n ta l s tre s s .  Aga in  com parison  has been made of the "as  m easured"
K /K a ra t io  and tha t p re d ic te d  us ing  e ith e r  D ubrova o r  com paction th e o ry . The 
re s u lts  o f th is  com parison  a re  to  be seen in  F ig u re  48 w h ich  shows c lose  agreem ent 
between the com paction th e o ry  and "a s  m easured" d is tr ib u t io n .  F o r  th is  w a ll 
the va lue  o f z /H  at w h ich  K equals 1C is  found to  be 0 .3 3  w h ich  is  b a re ly  h a lf 
of the va lue of 0 .6 2  w h ich-w ou ld  be assoc ia ted  w ith  a w a ll ro ta t in g  about i t s  to p .
A t va lues of i /H  g re a te r  than those assoc ia ted  w ith  the c r i t ic a l  he igh t h^ th e re  
is  no decrease  in  K/1C[ once th is  r a t io  has reduced to  u n ity . F ig u re  48 a lso  
shows the th e o re t ic a l ra t io  o f K ^./K ^ o f 1.7 w h ich  the c u rre n t des ign  method 
deems to  be the maximum va lue o f K /K * ..  As can be seen the maximum "a s
d.
m easured" ra t io  was c lose  to  f iv e .
7 . 3 . 3 .  T . R . R . L .  F u ll-s c a le  W a ll.
T h is  is  co ns ide re d  to  be the most re lia b le  re in fo rc e d  e a rth  w a ll case h is to ry  r e ­
p o rte d . The T . R . R . L .  s tru c tu re  com prised  o f a 6m h igh embankment re ta in e d  on 
th re e  s ides by va rio u s  v e r t ic a l fac ing  u n its .  The main body o f the embankment 
was 14m w ide and some 25m long  w ith  a c o n s tru c tio n  ram p app ro x im a te ly  20m lo n g . 
Seven types o f re in fo rce m e n t w e re  in c o rp o ra te d  how ever a constant re in fo rce m e n t 
leng th  o f 4m was used th rou g ho u t, Boden et a l (1978) T h ree  types of b a c k f il l 
w ere  used w ith  each f i l l  type occupying  a pp ro x im a te ly  one th ir d  o f the to ta l w a ll
h e ig h t. The lo w e r  f i l l  was a sandy s i l t y  c la y ,  w ith  l iq u id  l im it  and p la s tic  l im its
3of 30% and 17% re s p e c tiv e ly , compacted to  an average d ry  d e n s ity  o f 1.80M g/m  
at an average m o is tu re  content o f 17%. The upper f i l l  was a c la ye y  s i l t ,  l iq u id  
l im it  42%, p la s tic  l im it  21% ,vMch was compacted to  an average d ry  d e n s ity  and 
m o is tu re  content o f 1.63M g/m  and 18% re s p e c t iv e ly .  These tw o  cohesive  f i l l s  
w ere  separa ted  by a la y e r  o f g ra v e lly  sand. The f i l l  m a te r ia ls  w e re  sp read  in  
225mm th ic k  la y e rs  compacted to  a pp ro x im a te ly  150mm th ic k n e s s . The f i r s t  few  
la y e rs  w e re  compacted us ing  a Stothert & P it t  T182A tow ed v ib ra t in g  r o l le r ,  
h ow eve r, th is  r o l le r  was re p lace d  by a p ed e s tr ia n  opera ted  Bomag BW90 double 
r o l le r  th roughou t the rem a in ing  c o n s tru c t io n , I r w in  (1979). L a te ra l e a rth  
p re s s u re s  a c tin g  on the w a ll w ere  m easured by a p re s s u re  c e ll in s ta lle d  1.125m 
above the fo o t in g  o f the w a ll,  M u rra y  and Eoden,- (1979). The re s u lt in g  m easured 
v a r ia t io n  of p re s s u re  w ith  height o f f i l l  above the p re s s u re  c e ll is  shown in  F ig u re  
49 . A s e r ie s  of p re s s u re  c e lls  lo ca te d  at the base of the w a ll a long a l in e  no rm a l
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to  the fac ing  un its  re g is te re d  an in c re a se  in  v e r t ic a l p re su re  tow ards  the fro n t
of the w a ll co ns is te n t w ith  a tra p e z o id a l p re ssu re  d is tr ib u t io n .  I t  is  cons ide red
p e rm is s ib le  to  app ly the proposed th e o ry  in  th is  case s ince the cohesive  f i l l
obta ined a c o m p a ra tive ly  low  degree of s a tu ra tio n  o f 83% and at the back of the
fac ing  un its  th e re  was a 500mm th ic k  v e r t ic a l d ra inage la y e r  connecting  w ith
the g ra n u la r  f i l l  at m id w a ll he igh t as w e ll as a h o r iz o n ta l d ra inage  b lanke t at
the base of the w a ll.  U s ing  an o v e ra ll average u n it w eight o f f i l l  o f 2 0 .7 kN /m  ,
the pub lished  f r ic t io n  angle o f 34° and the e ffe c tive  lin e  load  o f 4 0 .3 kN /m  genera ted
by the Bomag BW90 the th e o re tic a l p re s s u re  d is tr ib u t io n  shown in  F ig u re  48 was
ob ta ined . A ls o  shown fo r  com parison  is  the conven tiona l a c tive  p re s s u re
d is tr ib u t io n .  * As can be seen the th e o re tic a l d is tr ib u tio n  is  in  v e ry  reasonab le
agreem ent w ith  the d is tr ib u t io n  of m easured p re s s u re s . 'A  com parison  o f
m easured and th e o re tic a l K /K  ra t io s  is  g iven in  F ig u re  50 . As can be seen thea
"a s  m easured" re s u lts  g e n e ra lly  show c lo s e r  agreement w ith  the proposed 
com paction th e o ry  ra th e r  than D u b rova . I t  is  in te re s tin g  to  note tha t i f  the 
c r i t ic a l  dep th, ?c , is  calculated_ using K •. the com paction th e o ry  is  in  much c lo s e r  
agreem ent w ith  the m easured re s u lts  at v e ry  low  va lues o f z /H .  The use o f the 
at re s t  c o e ff ic ie n t in  th e  b u lk  o f the re in fo rc e d  e a rth  mass may w e ll be m ore 
a p p ro p ria te  s ince  as po in ted  out by S ch losse r, (1976) th e re  tends to  be no la te r a l 
y ie ld  w ith in  the re in fo rc e d  mass p ro p e r .  T h is  o b se rva tio n , in  common w ith  tha t 
of a n ea r tra p e z o id a l v e r t ic a l p re s s u re  d is tr ib u t io n  o f v e r t ic a l p re s s u re  a c ro ss  
the w id th  o f re in fo rc e d  e a rth  w a lls  , is  a m an ifes ta tion  of the com para tive  r ig id i t y  
of such s tru c tu re s .  W orking then on the bas is  of co nd itions  in  the upper le v e l 
o f the s tru c tu re ,  com paction th e o ry  leads to  a maximum K /K a ra t io  o f 8 .0  w h ich  
com pares v e ry  fa vo u ra b ly  w ith  the maximum "m easu red" va lue  o f 7*3*  F rom  
D ubrova th e o ry  w h ich  models a r ig id  w a ll ro ta tin g  a c tiv e ly  about i ts  top the 
maximum p re d ic te d  ra t io  is  3 - 6 .  C u rre n t design  th e o ry  how ever a s s e rts  a maximum 
ra t io  equal to  l^/TCa. w h ich  in  th is  case is  1 .6 . The va lue o f z /H  fo r  K equal to  KC 
was found to  be 0 .5 5  as opposed to  0 .6 2  p re d ic te d  by D ubrova th e o ry . Thus in  
th is  case the c u rre n t design method is  in  co ns ide ra b le  e r r o r .
7 . 3 . 4 .  T . R . R . L .  P ilo t  S cale  W a ll.
The p ilo t  sca le  w a ll was co n s tru c te d  us ing  the "Y o rk  System " Jones (1978), 
hexagona l, g lass re in fo rc e d  cem ent, fa c in g  un its  w ith  80mm w ide by 3m m thick g lass 
re in fo rc e d  p la s t ic ,  G R P, re in fo rc in g  s tr ip s  at 300mm v e r t ic a l and 500mm h o r iz o n ta l 
spac ings . The leng th  o f the re in fo rce m e n t v a r ie d  between 1.47m at the bottom  of 
the w a ll to  2.14m at the top  of the w a ll w ith  an average leng th  o f 1.67m., Boden 
et a l (1978). In s tru m e n ta tio n  inc luded  s tra in  gauges to  se lected  re in fo rc in g
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s tr ip s  and a s e r ie s  of e a rth  p re s s u re  c e lls  in s ta lle d  at the base of the w a ll to
measure v e r t ic a l s tre s s  d is tr ib u t io n .  The w a ll,  w hich was 3m h igh and 5m w id e ,
was f i l le d  w ith  a s i l t y  c la y  w ith  l iq u id  l im it  and p la s tic  lim t of 42% and 17%
re s p e c tiv e ly . F rom  these A tte rb e rg  lim its  and the e m p ir ic a l data pub lished  by
Kenney, (1959) the angle o f in te rn a l shea ring  re s is ta n ce  was deduced to  be
app rox im a te ly  3 0 ° . The c la y  was compacted to  an average d ry  d en s ity  and m o is tu re  
3
content of 2 .0M g /m  and 18% re s p e c tiv e ly  g iv in g  r is e  to  a mean degree o f sa tu ra tio n  
of a pp ro x im a te ly  80%. Com paction was in  125mm la y e rs  using  a G reens G r if f in  
D R X 2 | th re e  po in t smooth wheeled r o l le r  to  w ith in  2m of the w a ll fa ce , T .R .R ..L  
(1977), c lo s e r  than th is  use was made o f a 62kg R ile  o F70 v ib ra t in g  p la te  com pacto r 
I r w in ,  (1979).*
hb date were a va ila b le  fo r  the c e n tr ifu g a l fo rc e  developed by the p la te  com pacto r 
thus a va lue  was estim ated on a p ro - ra ta  bas is from  data ^p ub lishe d  by F o rs s b la d , 
(1965) fo r  a 40kg co m p ac to r. T h is  led  to  an equ iva len t w e ight o f 295kg f. S ince 
the ro l le r  was kept rem ote frcm the w a ll and th e re fo re  was n o t in vo lve d  in  
c o n tr ib u tin g  any v e r t ic a l load  to  the a c tive  mass of s o il behind the w a ll i t  was assumed 
tha t the e ffe c ts  o f the p la te  com pacto r would be predom inant . Thus to  make an 
assessm ent o f com paction induced p re ssu re s  i t  was necessa ry  to  m od ify  the 
p re v io u s ly  p resen ted  th e o ry . In  v iew  o f the in t ra c ta b il i ty  o f m ore a p p ro p ria te  
exp ress ions  and the re la t iv e ly  sm a ll contact a rea  of the p la te  com pacto rs  a tenuous  
a na lys is  may be p e rfo rm ed  us ing  the Boussinesq  express ion  fo r  a p o in t loa d  P , 
equation (68)
3P
2 ^ 2  o o o o o o o o (  68)
F o llo w in g  a s im ila r  p ro ced u re  to  tha t p re v io u s ly  described  leads to  an e xp re ss io n  
fo r  the c r i t ic a l  dep th , equation (69) and the maximum re s id u a l la te r a l p re s s u re , 
equation (70 ).
z c 0 0 0 0 * 0 0 ( 6 9 )
0 0 *  0 0 0 0 ( 7 0 )
F o rssb l ad (1965) has pub lished  data g iv in g  the m easured v e r t ic a l p re s s u re  
d is tr ib u t io n  , in  sand, beneath a V ib ro -V e rk e n  B.R12 p la te  com pacto r w ith  a dead­
w e ight o f 40kgf and a c e n tr ifu g a l fo rc e  o f 150kgf. A p p lic a tio n  o f equa tion  (69)
m u ic a i e s  a c r i t i c a l  u c p tn  ui a p p r o x im a te ly  u . i u m .  in s p e c t io n  01 r i g u r e  31 
com pares the m easured p re s s u re s  w ith  the d is tr ib u t io n  given by E quation  (68 ).
As can be seen th e re  is  no agreem ent'excep t at a depth o f 0.17m w here the tw o 
cu rve s  c r o s s .  F rom  th is  i t  would appear tha t Equations (69) and (70) may be used 
in  th is  in s tan ce  to  g ive  a crude  app ro x im a tio n . On th is  bas is  us ing  the data c ite d
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the ca lcu la te d  c r i t ic a l  depth and maximum la te ra l p re s s u re  w ere  0.20m  and 11.7kN/m 
re s p e c t iv e ly .  The c r i t ic a l  dep th, assum ing K q cond itions  in  the re in fo rc e d  e a rth  
mass,  was ca lc u la te d  to  be 0 .26m . On assess ing  the e ffec ts  o f the r o l le r  o pe ra ting
at the back o f the w a ll i t  was found tha t the ca lcu la te d  la te ra l p re s s u re  at the base
2 2 of the w a ll was 110.7kN /m  com pared to  4 6 .4 kN /m  ca lcu la te d  us ing  the accepted
tra p e zo id a l s tre s s  d is tr ib u t io n .  Both o f these va lues a re  in  w ild  d isagreem ent w ith
the m ore l ik e ly  va lue  o f 2 6 .6 kN /m  w h ich  is  the p ro du c t of the m easured v e r t ic a l
s tre ss  and the estim ated  R v a lu e .  Based on the sim ple  ove rbu rden  p re s s u re  the
ca lcu la te d  la te r a l p re s s u re  is  19 .6kN /m  . These la rg e  d isc re p a n c ie s  a re  thought
to  be due to  a com bina tion  of fa c to rs .  F i r s t ly  the fac ing  un its  w e re  propped d u r in g
c o n s tru c tio n . S econd ly , the w a ll had a le ss  than d e s ira b le  w id th  to  he igh t ra t io
of 1 .7 . In  v ie w  o f th is  the tra p e z o id a l m o d ifica tio n  of the th e o re t ic a l p re s s u re
d is tr ib u t io n  has been om itted . The re s u lt in g  p re s s u re  d is tr ib u t io n  is  g iven  in
F ig u re  52 to g e th e r w ith  "m ea su re d " la te ra l p re s s u re s  b a ck fig u re d  fro m  m easured
re in fo rce m e n t loads us ing  the p ro ced u re  adopted by B o lton  et a l(1978). A lthough
th e re  is  co n s id e ra b le  s c a tte r  i t  can be seen tha t the "m easured '^pressures a re  in
m a rg in a lly  c lo s e r  agreem ent w ith  the com paction th e o ry  d is tr ib u t io n  than the
conven tiona l a c tive  d is t r ib u t io n .
7 . 3 . 5 .  G ran ton  W a ll.
The f in a l case h is to ry  re la te s  to  a w a ll co ns tru c te d  in  la te  1972 as p a r t o f the  A90
road  im provem ent at G ranton  ju s t n o rth  o f E d in b u rg h . T h is  w a ll is  h is to r ic  in  as
much as i t  was the f i r s t  o f i t s  type co ns tru c te d  in  the U n ited  K ingdom , ‘P r ic e  (1975).
The w a ll was designed by the  R e in fo rce d  E a rth  Company and was co n s tru c te d  us ing
the s tandard  re in fo rc e d  concre te  c ru c ifo rm  fa c in g  u n its .  The re in fo rc e m e n t
com prised  s ta in le s s  s tee l s tr ip s  80mm w ide by 1.5mm th ic k  p laced  at 750mm ce n tre s
v e r t ic a l ly  and a lte rn a tin g  500mm and 1000mm ce n tre s  h o r iz o n ta lly .  T w en ty
se lected  s t r ip s  w e re  f it te d  w ith  s tra in  gauges. The w a ll w h ich  was 106m long
v a rie d  in  he igh t between 1.8m and 7 * 2m. B u rn t o i l  shale was used as b a c k f i l l
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p laced at a b u lk  d e n s ity  o f 1 .7M g/m  . The m easured angles o f sh ea rin g  re s is ta n c e  
and s o il/ re in fo rc e m e n t bond s tre s s  w ere  46° and 1 7 .7 ° re s p e c t iv e ly .  Com paction 
was ach ieved us ing  a 10 tonne smooth wheel th re e  p o in t r o l le r ,  F in la y  (1979)5 w h ich  
was deduced to  be an A v e lin g  B a r fo rd  GNQ r o l le r  gene ra ting  lin e  loa d in g s  o f 
3 4 .9 kN /m  and 5 6 .7 k N /m  under the fro n t and re a r  r o l ls  re s p e c t iv e ly ,  Osman (1977). 
D u rin g  c o n s tru c tio n  o f the w a ll the s tre sses  w e re  m easured in  one re in fo rc in g  s t r ip  
cove red  w ith  0 .4m  o f f i l l  a fte r  in i t ia l  sp read ing  o f the f i l l ,  t r a f f ic k in g  by a d o ze r and
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f in a l r o l l in g ,  F in la y  and S uthe rland  (1977). The re s u lt in g  m easured s t resses a re  
shown in  F ig u re  53 tog e the r w ith  those ca lcu la te d  from  equation (60) fo r  z=0.40m .
2As can be seen the maximum m easured s tre s s  o f l6 .6 M N /m  fa l ls  w ith in  the range
2 2of the ca lcu la te d  va lues of l/ .7 M N /m  and 28.9M N/m  w hich  r d a t e  to  the lin e
load ing  o f 3 4 .9 kN /m  and 5 6 .7  kN /m  re s p e c t iv e ly .  I f  equation (58b) is  app lied
then the maximum ca lcu la te d  s t r ip  te n s io n , re s u lt in g  from  the p roduc t o f the
maximum la te ra l e a rth  p re s s u re  and the a rea  of the fac ing  u n it se rved  by the s t r ip
is  much h ig h e r . F o r  the tw o  quoted lin e  load ings  s t r ip  s tre sse s  in  the range 
2 234.7M N /m  to  51.4-MN/m re s u lt .  These s tre sse s  a re  some tw o to  th re e  tim es 
h ig h e r than those m easured. H ow ever re fe rn c e  to  F ig u re  /2  in d ica te s  a ty p ic a l 
fac ing  panel t i l t  o f 1.8% w h ich  a lm ost c e r ta in ly  would re s u lt  in  a re d u c tio n  o f 
these s tre s s e s . A t f i r s t  s igh t the th e o re tic a l re s u lts  would appear to  be to ta lly  
in  e r r o r  how eve r in sp ec tio n  of Tab le  10 w h ich  shows mean va lues in d ica te s  tha t 
even la r g e r ,  and unsafe e r r o r s ,  would o c c u r i f  e ith e r  the c u rre n t o r  a c tive  
p re s s u re  des ign  methodswere em ployed.
TA B LE  10 C O M PARISO N OF S T R IP  T E N S IL E  S T R E S S E S
BASIS OF CALCULATION MEAN TENSILE STRESS THEORETICAL,,
MN/m MEASURED °
Equation (60) 21.8 132
Equation (58) 43.1 260
Current Design (Ko) 5.3 32
Active Pressure 3.1 18
8 . 0  C O N C LU SIO N S
T w e lve  case h is to r ie s  have been p resen ted  to  dem onstra te  tha t com paction has a 
s ig n if ic a n t,  i f  not dom inant, e ffe c t on the pe rfo rm ance  of e a rth  re ta in in g  s tru c tu re s . 
A sim ple th e o ry  has been p resen ted  to  a llo w  some asssessm ent to  be made o f the 
la te ra l e a rth  p re s s u re s  generated behind both r ig id  uny ie ld in g  w a lls  as w e ll as 
w a lls  m eeting the minimum deform ation re q u ire m e n t. A lthough  by no means 
d e fin it iv e  the th e o ry  appears to  g ive  a reasonab le  app rox im a tion  o f the bending 
moment developed at the base o f the w a ll.  I t  w ou ld  appear tha t many w a lls  have 
e ith e r  d e flec ted  o r  tra n s la te d  b o d ily  so re d u c in g 'th e  p o te n tia lly  d e s tru c tiv e  fo rc e s  
induced by com paction . A s im ila r ,  but much m ore tenuous th e o ry  has been
2k2
developed fo r  re in fo rc e d  e a rth  w a lls .  Due to  the re s il ie n t  na tu re  o f such 
s tru c tu re s  i t  is  u n lik e ly  tha t com paction induced fo rce s  would cause fa i lu re  
h ow eve r, they can, and do, induce unacceptab ly la rg e  w a ll d e fle c tio n s  d u rin g  
c o n s tru c tio n .
The main conc lus ion  is  tha t th e re  is  s t i l l  v e ry  l i t t le  know n, in  q u a n tita tive  t e r ms ,  
about the e ffec ts  of com paction . M ore to  the po in t l i t t le  o r  no th ing  seems to  be 
known of p re ven tive  m easures. I f  i t  is  necessa ry  to  compact b a c k f il l i t  is  
equa lly  necessa ry  to  is o la te  the s tru c tu re  from  the p o te n tia lly  in ju r io u s  e ffec ts  
o f com paction induced s t resses .  In  the case of conven tiona l s tru c tu re s  th is  
may be achieved s im p ly  by l in in g  the back of the w a ll w ith  a m a te r ia l of a p p ro p ria te  
s tiffn e s s  and th ic k n e s s . I t  is  ev iden t tha t a cons ide rab le  re s e a rc h  e ffo r t  is  
needed to  illu m in a te  th is  d a rkn e ss .
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CHAPTER 7
M A IN  CONCLUSIO NS
T h is  th e s is  has p resen ted  fo u r aspects of re in fo rc e d  earth w ith  p a r t ic u la r  re fe re n ce  
to  re in fo rc e d  c la y . The f i r s t  study in vo lved  a la b o ra to ry  in v e s tig a tio n  o f s o i l -  
re in fo rce m e n t bond s tre s s  . T h is  concluded tha t theimost e ff ic ie n t re in fo rce m e n t 
is  in  the fo rm  of a m esh, p re fe ra b ly  o f s t i f f  m e ta llic  m em bers. P u ll-o u t tes ts  
in  sand, w h ich  wae assumed analogous to  d ra ined  p u ll-o u t te s ts  in  c la y , in d ica te d  
tha t mesh genera tes a much h ig h e r p u ll-o u t re s is ta n c e  than tha t in d ica te d  by the 
p roduc t o f the re in fo rce m e n t p lan a re a , norm a l s tre s s  and the tangent o f the angle 
of in te rn a l sh ea ring  re s is ta n c e  of the s o i l .  T h is  apparent anomaly was exp la ined  
by the fac t tha t each member o f the mesh, tra n s v e rs e  to  the p u ll-o u t d ire c t io n ,  
genera tes a com plex shear zone s im ila r  to  tha t m anifested at the toe of a p ile  fa i l in g  
in  end b e a r in g . S ince c la y s , e sp e c ia lly  fa tty  c la y s , have much lo w e r angles o f 
in te rn a l sh ea ring  re s is ta n c e  than the h igh q u a lity  g ra n u la r f i l l  c u r re n t ly  assoc ia ted  
w ith  re in fo rc e d  e a rth  i t  is  u n lik e ly  tha t o rthodox re in fo rc in g  m a te r ia ls  such as p la in  
m ild  steal s t r ip  would  m ob ilise  s u ffic ie n t o f the d ra ine d  c la y  s tre n g th  to  re n d e r 
econom ical bond le n g th s . F o r  exam ple, c u r re n t design methods advocate an 
a llow ab le  c o e ff ic ie n t o f s o il- re in fo rc e m e n t bond o f 0 .4 .  F o r  fa t ty  c la ys  th is  is  
l ik e ly  to  d rop  to  a pp ro x im a te ly  0 .2  , thus re q u ir in g  tw ice  the a rea  o f re in fo rce m e n t 
assoc ia ted  w ith  g ra n u la r  f i l l .  T h is  d e fic ie n cy  would re a d ily  be o ffse t us ing  mesh 
re in fo rc e m e n t.
The p rognos is  is  not so favo u ra b le  fo r  the gene ra tion  of und ra ined  s o il- re in fo rc e m e n t 
adhesion. As w ould be expected, and as was dem onstra ted , the  bond adhesion 
cannot exceed the und ra ined  shear s tre ng th  o f the c la y .  H o w e ve r, th is  is  not too  
severe  an im pedim ent s ince  as has been shown th e o re t ic a lly  i f  the  c la y  is  strong 
enough to  t r a f f i c  and assum ing an adhesion fa c to r  o f u n ity  qu ite  reasonab le  w a ll 
h e ig h ts , o f the o rd e r  o f 10m, can be obta ined fo r  f a i r ly  modest re in fo rc e m e n t in te n s it ie s .
One in te re s tin g  anoinaly a r is e s  fro m  the p u ll-o u t te s t on the sp e c ia l g r id  re in fo rc e m e n t 
that fu l ly  m o b ilised  the undra ined  shear s treng th  o f the  c la y . Since the  c la y  was 
sa tu ra ted  th e re  must have been h igh excess p o re w a te r p re s s u re s  genera ted  in the 
shear zones ad jacent to  the re in fo rc e m e n t. I t  would  not have been s u rp r is in g  to  
find  these p o re  p re s s u re s  lead ing  to  a lo c a l re d u c tio n  in  e ffe c tiv e  s tre s s  le v e ld  
associa ted w ith  an apparent re d uc tio n  in  adhesion fa c to r  as is  the  case in  p ile  d r iv in g  
in  cohesive  s o ils .  H o w e ve r, th is  was not the ca se . I t  can o n ly  be assumed tha t the
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c la y  ensnared by the re in fo rc in g  g r id  exh ib ited  a lo w e r pore  p re s s u re  pa ram ete r 
A and thus acted in  a m anner s im ila r  to  the felt re in fo rce m e n t in ve s tiga ted  in  the 
study of re in fo rc e d  c la y  subject to  a x isym m e tric  lo a d in g .
The in v e s tig a tio n  of re in fo rc e d  c la y  using the t r ia x ia l  appara tus gave some in te re s t in g  
in s ig h ts  in to  p oss ib le  fa i lu re  mechanisms under both d ra ined  and undra ined  load ing  
c o n d itio n s . I t  was shown that under d ra ined  loa d in g  cond itio n s  the s o i l -  
re in fo rce m e n t bond s tre s s  is  m anifested in  an apparent in c re a se  in  e ffe c tiv e  co n fin ing  
p re s s u re w h ic h  enhances s tre n g th . T h is  s tre ng th  in c re a se  has been m odelled qu ite  
a c c u ra te ly  us irg  m od ified  p la s tic  fo rg in g  th e o ry . A much m ore com p lica ted  
mechanism was found to  c o n tro l undra ined  b e h a v io u r. With ra p id ly  sheared samples 
re in fo rc e d  w ith  continuous non-po rous in c lu s io n s  the re in fo rce m e n t induced a 
s tre n g th  re d u c tio n  of ty p ic a l ly  50%. T h is  re d u c tio n  was not so pronounced what 
the samples w e re  sheared s lo w ly  in  w h ich  case the s treng th  re d u c tio n  was some 28%.
I t  was found tha t a s tre ng th  in c re a se  cou ld  be obta ined under und ra ined  lo a d in g , 
how eve r, th is  in vo lve d  the.use of re in fo rc in g  m a te r ia l having a much lo w e r  pore  
p re s s u re  pa ram e te r A than the s o il alone w ith  load ing  being in c re a se d  s lo w ly . 
A lte rn a t iv e ly  a s tre ng th  in c re a se  was e ffe c te d , under ra p id  lo a d in g , by us ing  samples 
w ith  a low  degree of s a tu ra tio n . S ince the t r ia x ia l  appara tus does not model p la n e - 
s tra in  lo a d ing  co nd itio n s  id e a lly  the w o rk  p resen ted  here  should  be repea ted  under 
th is  m ore a p p ro p ria te  stress reg im e to  see i f  the same mechanisms p re v a il .  T h is  
w o rk  would  then need to  be extended to  assess the e ffe c ts  o f us ing  d iscon tinuous  
re in fo rce m e n t as w e ll as m ore a c c u ra te ly  q ua n tify ing  the mechanism o f "d ila te n t"  
porous re in fo rc in g  m a te r ia l.
The lim ite d  num ber o f sm a ll sca le  model w a ll te s ts  c a r r ie d  out gave v e ry  encourag ing  
re s u lts .  A lthough  th is  study was re s tr ic te d  to  one mode of fa i lu re ,  nam ely bond 
fa i lu re  in  the a c tive  zone, i t  d id  se rve  to  i l lu s t r a te  tha t the  s tre n g th  in c re a s e  in  the 
com posite m a te r ia l is  in v e rs e ly  p ro p o rtio n a l to  th e 're in fo rc e m e n t spac ing . A ga in  th e re  
is  an apparent anom aly between these o b se rva tio ns  and the re s u lts  obta ined fro m  the 
ra p id ly  loaded t r ia x ia l  sam ples. Tw o th e o rie s  w e re  put fo rw a rd  to  model the w a ll 
b ehav iou r the f i r s t  being a d is c re te  th e o ry  w h ich  a ttr ib u te s  the gain in  s tre n g th  to  the 
a dd itio n a l re s to r in g  fo rc e s  genera ted by the re in fo rc e m e n t. The second th e o ry  w h ich  
was based on the a n a lys is  o f the composite, m a te r ia l showed tha t th is  com posite  cou ld  
be m odelled by an equ iva len t undra ined  shea r s tre n g th . I t  was found tha t both the 
d is c re te  th e o ry  and com posite  th e o ry  u lt im a te ly  re s u lt  in  the same e x p re s s io n . T h is  
e xp ress io n  was found to  be in  v e ry  reasonab le  agreem ent w ith  the-observed w a ll 
b eh a v io u r.
2 5 1
What is  thought to  be one of the most s ig n ific a n t fin d ing s  of the e n tire  re se a rch  
program m e is  the e ffec t of com paction induced la te ra l ea rth  p re s s u re s . By 
nece ss ity  a la rg e  p ro p o rtio n  o f this, study was devoted to  the in ve s tig a tio n  of 
conven tiona l re ta in in g  s tru c tu re s  b a c k fil le d  w ith  e ith e r  p u re ly  g ra n u la r  s o i lp c - 0 *  
s o i l ,  o r  cohesive  f i l l  w ith  a low  degree of s a tu ra tio n , in  s h o r t,  d ra ined  a n a ly s is .
T h is  showed qu ite  c le a r ly  tha t com paction has a v e ry  s ig n if ic a n t e ffec t e sp e c ia lly  on 
w a lls  tha t do not meet theminimum de fo rm ation  re q u ire m e n t. When extended to 
re in fo rc e d  e a rth  s tru c tu re s  the proposed th e o ry  showed tha t the h igh te n s ile  fo rce s  
m easured in  the upper re in fo rc in g  la y e rs  cou ld  be exp la ined  by com paction e ffec ts  
ra th e r  than the c u r re n t ly  p ro ffe re d  notion  tha t at re s t co nd itio n s  e x is t in  these upper 
reaches of the w a ll.  U n fo rtu n a te ly  the com paction th e o ry  cou ld  not be fo rm u la ted  in  
te rm s o f to ta l s tre s s , h ow eve r, i t  is  fe lt  tha t com paction m ight have much m ore severe  
e ffec ts  when assoc ia ted  w ith  cohesive  f i l l  as opposed to  non -cohes ive  f i l l .  In  
p a r t ic u la r  i t  is  thought tha t severe  fac ing  de fo rm a tion  p rob lem s m ight m an ifest 
them selves d u rin g  c o n s tru c tio n .
A lthough the v a rio u s  hypotheses propounded h e re in  fu rn is h  food fo r  thought they a re  
no su bs titu te  fo r  the f i r s t  hand experience  to  be obta ined in  c o n s tru c tin g  a fu l l  sca le  
e xpe rim en ta l w a ll.  Id e a lly  th is  should be co n s tru c te d  to  fa i lu re .  T h is  w ou ld , 
h o p e fu lly , m in im ise  the d isc re pa n c ie s  tha t c u r re n t ly  e x is t between expe rim en ta l and 
th e o re tic a l data from  sm all scale w a lls  w ith  g ra n u la r  f i l l  w h ich  a re  taken to  fa i lu re  and 
data from  fu l l  sca le  w a lls ,  b a c k fil le d  w ith  g ra n u la r  m a te r ia l,  w h ich  a re  on ly  s tre ssed  
to the in -s e rv ic e  co n d itio n .
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